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PREFACE TO THE SECOND EDITION 

In the preparation of this edition, certain topics 
that were over-looked in the first edition have been 
added while some others have been enlarged. At the 
end Appendix B has been added dealing with H-ion 
concentration. An attempt has also been made, keep- 
ing the limits of size set, to include the investigations 
and findings that have been made since the publication 
of the first edition. 

My sincere thanks are offered to Dr. A .P. Mehrotra, 
and Mr. N. S. Parihar, M.Sc., Lecturers in Botany, 
Allahabad University, for their ^valuable aid in editing 
the manuscript. 

Department of Botany 
INCLUDING Agriculture, 

Allahabad University. 

May, 1950. 


lisl'i 


Shri Ran JAN. 


PREFACE TO THE FIRST EDITION 

This book has been written in response to a demand 
from the B. Sc. students of Botany of the University of 
Allahabad for a suitable text-book on plant physiology. 
The students in India have been very much handicapped 
in their study of this important branch of Botany for 
want of a suitable text-book: for, the standard text-books 
available are either too advanced for an average B.Sc. 

student or too elementary. In this book, therefore, 

with my eyes on the student community, who, though 
not beginners are yet not sufficiently advanced,— I have 
endeavoured, so far as practicable, to mention the 
names of only a fexv important writers. 

Is early ten years ago in my leisure moments I 
sketched out a rough syllabus based upon my lectures 
on the subject. But for want of time due to various 
other commitments the work remained in an unfinish- 
ed state till now. Some of the chapters of the book are 
based on the tripos Part I lectures on physiology deliver- 
ed by Professor F. F. Blackman of the Botany School, 
Cambridge, while the chapters on the ascent of sap, 
growth and movements are compilations with suitable 
modifications from various text-books. An average 
B.Sc. student of an Indian University taking up Botany 
is generally ignorant of the elementary principles of 
logarithms. An elementary account of logari thms , 
therefore, is given as ah appendix at the end of the 
,, . 
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book. At the end of each chapter model practical ex- 
periments are also given which should prove useful to 
both teachers and students alike. 

In the end I wish to express my thanks for the in- 
valuable help that I received in the preparation of the 
figures and the revision of the manuscript from Dr. 
N. L. Pal and Dr. U. N. Chatterji— two of my former 
research pupils. 

ALLAHABAD 

December, 1944. Shri Ranjan. 
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ly from the time that Adam was banished 
from paradise, flowers have interested mankind. It is 
told in the scriptures that Adam was thrown out with 
only a flower from the garden of paradise. It had no 
magic charm as it was not the fruit, yet one can almost 
picture the emotions of the first man as he gazed at that 
lovely souvenir of paradise. 

To some a flower is a mere blossom to be offered 
to the gods, to others it is a thing to be admired for 
its beauty and colour, but to a scientist it is a thing 
to be investigated and explored. It has been the en- 
deavour of scientists, through the ages, to study in 
minute details the complex organisms that constitute life. 

With the rapid growth of knowledge, the scientific 
study of matter around us was, for the sake of conve- 
nience, divided into distinct sub-divisions. Thus the 
study of plant life constitutes Botany. As knowledge 
of the subject advanced new names cropped up, e.g., 
(a) morphology 'which deals with the investigation of 
forms and structures and (b) physiology which deals 
with the investigation of habit and functions. In the 
study of botany the morphologists ask ‘ What is this ?' 
and in answer they analyse and anatomise the dead. 
The physiologists ask ‘ How is this ? ’ and in answer they 
analyse the living. 

The riddle of life is read, at present, in terms of 
physico-chemical changes associated with the living 
matter. Thus it will be assumed that the student of 
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physiology possesses a basic knowledge of physics and 
chemistry. The French philosopher Descartes has said 
“ If, therefore, any one wishes to search out the truth 
of things in serious earnest, he ought not to select one 
special science; for all the sciences are conjoined with 
each other and interdependent.” But physiology at 
present cannot explain everything in terms of the 
above. We have, therefore, to take recourse to such 
mystic words as “ vital force.” To a materialistic 
viewpoint, however, the action of vital force is akin 
to that of a catalyst influencing the rate of reaction. 

The followers of vitalism, of course, believe that 
the conception of life cannot be found in physico- 
chemical researches, but in the researches which will 
expose the vitalistic phenomena. Vitalism is based on 
mysticism which unfortunately obstructs the progress 
of experimentation and observation on the principles 
on which modern science is based. One must realise, 
however, that to reach the elemental truths is not a 
matter of moments but the researclieS; of centuries.' It 
is said, “ Truth is the daughter of time.” i 

Green plants not only furnish us with all our 
foods; they also supply many of the basic materials 
of our industries. Success in plant cultivation has, 
therefore, become of utmost importance to our civili- 
zation. This success can only be attained by a proper 
understanding of the processes, and control over the 
activities, going on in the plant. Whether a person 
is a forester, or an orchardman, or an agriculturist or 
a floriculturist, he hhs; : itflthnately to deal with the 
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fundamental problem of controlling some of the life 
processes in the plants for the advancement of his 
interests. 

The aim of physiology is to endeavour to bring 
about the maximum plant production. For this, one 
has to study the reactions of the plant to the complex 
external and internal stimuli. The plant is but a result 
of the compounding of the internal stimuli with the 
external. The study of physiology is thus of supreme 
importance to agriculture. 

The Unit of Life. 

Properties of atoms depend upon the con- 
figuration and orderly arrangement of. protons and 
electrons. So are also the properties of the 
living matter dependent upon the orderly arrange- 
ment of the cell-unit. The unit of the living matter 
is the cell. Inside the cell is the living matter, which 
was named by the Bohemian physiologist Purkinje 
(1839) as protoplasm, the word meaning primitive form. 
In this the diverse physico-chemical changes go on 
and it is, therefore, the physical basis of life. A single- 
celled individual acts independently in a particular 
way. But in multicellular bodies, the independence 
of individual cells is merged into that of the entire 
organism, in which groups of cells work in unison, 
forming tissues. Yet, in these, the cells comprising 
such tissues retain, to a certain extent, their individual- 
ity. Therefore, the took aptly opens with the phy- 
siological study of a single cell. 



CHAPTER I 

MORPHOLOGY AND PHYSICO-CHEMICAL 
PROPERTIES OF THE CELL 

Morphology of the Cell 

Since a cell is the unit of structure and function 
it is essential that its morphological make-up be con- 
sidered before its study from the physiological stand- 
point is taken up. 

The cell-wall— K plant cell is a minute speck of 
protoplasm of any shape bounded on the outside by a 
definite layer, the cell wall, which in young cells is 
almost entirely composed of cellulose. As the cell 
matures, the wall may get impregnated by other subs- 
tances like lignin, suberin etc. 

T/te protoplast.— The protoplasm inside the wall- 
protoplast is the name given to it— is demarcated into 
cytoplasm in which is embedded a specialised cell-organ, 
the nucleus. 

The vacuole.— The cytoplasm and the nucleus 
together fill up the entire space within the xvall in the 
younger condition of the cell. But, as the cell develops, 
spaces appear in the cytoplasm; these spaces or vacuoles 
are filled with a watery fluid having various substances 
dissolved in it and known as vacuolar sap or simply 
cell-sap. Later towards the maturity of the cell, these 
smaller vacuoles coalesce together forming one large 
vacuole centrally situated. 

The memhranes.—The cytoplasm, together with the 
nucleus embedded in it, then becomes necessarily 
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limited to a thin layer just inside the cell-wall 
enclosing the central vacuole. The outermost limitino- 
layer of the cytoplasm just abutting on the cell-wall 
IS somewhat differentiated from the rest of the cyto- 
plasm inside. There is a similar differentiation of the 
innermost limiting layer of the cytoplasm next to the 
vacuole. Of these limiting membranes, the one next 
to the cell-wall is known as the external plasma 



membrane or the cct op to and that bounding the 
vacuole as the ^onopto. As a matter of fact boundary 
membranes are differentiated wherever within the cpll 
two different surfaces come in contact. 

^ The cytoplasmic mclusions.-SThGTC are differentiat- 
ed in the cytoplasm certain structures of definite mor- 
phological entity: they are generally referred to as 
cytopasmic inclusions. The most important of these 
inclusions tvith regard to plants are the plastids,lx com- 
mon example of which is the cMorop/«,P containing the 
green colouring matter of plants. The other important 


«■ 

I 




» 


1 


I 


T 

V 

' t 


-I 



PHYSICO-CHEMICAL PROPERTIES OF THE CELL 5 

inclusions are very minute structures which are granular 
or rod-shaped or threadlike in appearance. They are 
made visible by special methods of fixation and staining 
and are known as chondriosomes or mitochondria. 
Except that they have a semi-fluid consistency their che- 
mical and physiological nature are at present uncertain. 

The nucleus— The nucleus is generally assumed to 
be the controlling centre of the entire cell and is believ- 
ed to be situated in the most active region of the cell; 
in a growing root hair it is usually found to be occupy- 
ing a position near the tip. 

The chief structural parts of the nucleus are the 
nuclear membrane, the nuclear sap and the chromo- 
somes. These three constituents are ahrays present. 
In addition bodies known as nucleoli are also often pre- 
sent. The nuclear membrane has been shown by 
microdissection to be a definite structure with physical 
properties. The shape of the nucleus depends upon 
tire properties of tlie nuclear membrane. Most nuclei 
are approximately spherical but some may be ovoid 
also. The nuclear sap is usually a clear fluid; its vis- 
cosity has been determined in one case to be about twice 
that of "water and this is probably typical of most nuclei. 
In some, however, the nuclear sap may be a solid gel. 
The chromosomes are usually indistinguishable in liv- 
ing nuclei during the resting stage. They become visi- 
ble during division. The chromosomes are thread like. 
They are characteristically chromatic. They are the 
beai'ers of hereditary characters. Nearly all the resting 
nuclei contain one or more true nucleoli. In the liv- 
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ing nucleus the nucleolus appears as a dull, viscous 
droplet, usually round but frequently irregular in shape. 
It commonly shows an affinity for dyes. Its chromati- 
city, however, undergoes marked alterations during the 
course of nuclear division. 

Chemical and Physical Properties of the 
Protoplasm 

The first cells seen were in 1 665 by Robert Hooke 
but these were dead cells. It was much later that the 
importance of protoplasm was realised. The matter 
that constitutes “Life” is known as protoplasm; and, 
therefore, the study of the chemical and physical struc- 
ture of this substance is of paramount importance; for 
without the knowledge of the properties of the proto- 
plasm, the causes of growth, reproduction, senescence 
and death will ever remain unintelligible. 

Chemical Constitution. 

Next to nothing is known regarding the chemical 
constitution of the living protoplasm. So far, we have 
only known the chemical constitution of a dead cell for 
when it is subjected to chemical analysis the cell gets 
killed and rapid physico-chemical changes set in. 

The chemical analysis of the protoplasm of plas- 
modia which contains pure protoplasm reveals that it 
has 75% water and 25% dry matter. The dry matter 
consists of both inorganic and organic compounds. 
The inorganic compounds consist chiefly of the chlo- 
rides, phosphates, sulphates and carbonates of magne- 
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sium, potassium, sodium, calcium, and iron, and the 
organic of chiefly proteins, carbohydrates and fats. 

The following is the proportion of the dry matter 
in the Myxomycetes:— ■ 

Nncleo proteins . ... 40 % 

Other „ ... ... 15 % 

Amino acids ... ... 1'.^ % 

Carbohydrates and fats ... 24 % 

Salts ... ... .. 7 % 

Other substances ... ... 12‘5% 

Total 100 

A mixture of these is present in a complex colloidal 
form. On the death of the protoplasm its weight 
is not decreased; and thus it is supposed that no element 
or compound is lost but that disorganisation of the 
living matter only takes place on death. 

Physical Properties. 

Seifriz rightly says that any protoplasm essmtially 
consists of three types of systems viz., 

(а) True solution of salts, carbohydrate, amino- 

acids and other water soluble substances, 

(б) Emulsion of lipides, and 

(c) Dispersion of organic substances, mostly pro- 
teins, which form jellies. 

It is this last .system which is 


by far the most impor- 
tant for it particularly characterises the living tis.sues. 
Items under the group (b) and (c) come within the cate- 
gory of colloidal systems and thus a knowledge of the 
colloidal .state of matter becomes exceedingly important 
to the study of the living protoplasm. Matter is said 
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to be in a colloidal state when it is permanently dispers- 
ed, and the individual particles though larger than 
molecules cannot generally be seen under the high 
power of a microscope. Thus the particle size is the 
characteristic of the colloidal state. The size, however, 
varies and ranges between 0.1 /i tO 1 m/i as explained in 
the chapter dealing with the colloids. This is then 
the world of colloidal dimensions, which in a pictures- 
que language Findlay describes as the “ twilight zone 
of matter.” 

The physical characteristics of the protoplasm show 
that it is a viscous slimy substance possessing consider- 
able powers of cohesion. The present known facts 
also indicate that the protoplasm is a colloidal solution 
of the emulsion type, with a polyphase colloidal 
system. It will, therefore, be ijot out of place to deal 
briefly with the chemistry of colloids. 

However, with our present day knowledge it will 
be impossible to interpret the protoplasmic organisation 
in purely physical terms for it is too intricate: being the 
basis of life itself. i . i ; ! . ; = ‘ 

( The Colloidal State 

The word colloid is derived from the Greek word 
“ kolla ” meaning glue which is an example of this 
class of matter. 

. ; The beginning of colloidal chemistry really dates 
from 1830 when Graliam first published a paper on 
“ The effects of animal charcoal on solutions.” Thus 
Graham has been rightly called the father of colloid 
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chemistry. Graham divided chemical compounds into 
crystalloids and colloids: the former pass through ' 
parchment paper while the latter do not. The same 
matter can exist in either a crystalloidal or colloidal 
state depending upon its condition. Thus it is the 
State of matter and not the kind of matter. 

In a general way one could say that the substances 
in true solution exist in molecular or ionized form, 
while they are in aggregates bf molecules in a colloidal 
state. This is not wholly true, as tve find in the case of 
egg albumin, which in solution is in colloidal form 
though it is in molecularly dispersed state such as one 
finds in a true solution. This is so because of the 
large size of the molecules. 

Ostwald has defined the boundaries as follows: — 

iViatter in mass j Colloids | Molocnfi s aiid ioii.« 

•ip romu 

One could, therefore, say that it is the sizu which 
determines the difference between the colloid and tilt , 

crystalloid. ‘ ' 

I 

(a) 1'he Dispersal Phenomenon of a Coi.loid. 

Wdii.n one substance is distributed through a mas-, | 

of a difiC-rent substance, the mixture is a two pho-se | 

system consisting of (a) the disjisrsed phase Mid ih) the j 

dispersion medhun or the continuous phase. j! 
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Thus we may have the following; 


Internal or 
dhperaed phase 


1 . 

2 . 

3. 

4. 
ft. 

«. 

7. 


Gas 

Liquid 

Liquid 

Liquid 

Solid 

Solid 

Solid 


External or 
continuous phase 
Liquid 
Gas 

A nother immisci- 
ble liquid. 

Solid 

Gas 

Liquid 

Solid 


Example 

Foam 

Pog 

Milk 

Jelly 

Tobacco smoke 
Gold sol 
Enby glass 


In certain cases, the internal phase is not absolutely 
insoluble in the external phase. In such cases the 
dispersed phase can be a solid containing a certain 
amount of the solvent and the external phase a dilute 
solution of the solid. These are called lyophilic colloids 
and starch solution is a case in point. In the lyophobic 
system the particles of the dispersed phase do not 
dissolve to any appreciable , extent in the dispersion 
medium, as tye find in gold sol. 

The lyophilic and lyophobic systems are further 
subdivided into sols and gels as follows: 

Lyophilic or hydrophilic Lyophobic or hydrophobic 


Sol Gel Sol • Gel 

In both the cases sols are of high degree of fluidity and 
appear like solutions while the gels are more or less rigid. 

(6) Some Fundamental Properties of Colloidal 
System. 

(i) Broii'nian movement.—Kohext Brown, a bota- 
nist. vdiile examining pollen grains in a drop of ’ivater 
under the mici'oscope, observed that they tvere in con- 



PHYSICO-CHEMICAL PROPERTIES OF THE CELL 


9 


tinuous zig-zag motion. This was inexplicable for the 
pollen grains had neither cilia nor had they any other 
means of locomotion. After about a hundred years of 
this discovery, Perrin, a Frenchman, was able to prove 
that this motion was due to the bombardment of the 
particles by the molecules of the liquid in which they 
tvere suspended. And as these particles were extreme- 
ly small, they got one sided bombardment and hence 
tvere pushed from place to place. A large particle will 
necessarily get bombarded by the molecules of the 
liquid from all sides at once and there will be no move- 
ment. Thus the extremely fine subdivision of the par- 
ticles of the dispersed phase is of paramount importance 
for this movement. 

(ii) Surface phenomena .— fine divisions also 
expose enormous surface as will be clear by the follow- 
ing example. Take a cube whose sides measure 1 cm. 
each. The total surface area of this cvibe will be 6 sq. 
cms. If this cube, notv. is broken up so that each side 
measures 0.1 cm., then the total number of cubes in the 
larger cube tvill be 1,000 and the total surface area 
tvill be 60 sq. cms. Proceeding further if these are 
again subdivided to 0-01 cm. then the total surface 
area will become 600 sq. cms. This shows how by 
smaller and smaller subdivisions the surface area in- 
creases. This large surface is of vital importance in 
biology, as most of the reactions take place on the 
surface of the particles inside the protoplasm. For 
instance, the chloroplast, which is the seat wdiere the 
food of the plant is manufactured, has a definite size 
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and iveight. If the chloroplast is divided into par- 
ticles of smaller sizes though the iveight is kept tlie 
same, the total surface area is increased. Noiv there are 
certain things in solution like some organic catalysts 
that have a tendency to stick to the surfaces of these 
chloroplast particles. This sticking to the surface of 
a dispersed phase particle of any substance in solution 
is the phenomenon of adsorption. The greater the sur- 
face the larger amount of these organic catalysts will 
get adsorbed and thus the rate of the reaction ivill be 
gveater. 

{iii) Non-di§usihility through parchment . — If one 
takes a parchment membrane tied to an end of a tube 
which is dipping in ivater and a mixture of colloids and 
crystalloids is put inside the tube, then the crystalloids 
will pass out and not the colloids. Tltis is simply 
because through the pores of the parchment paper the 
invisible molecules of the substance in solution ivill 
pass out but the particles of the dispersed phase of the 
colloid being larger in size ivdll be unable to pass 
through the small pores of the parchment membrane. 

(iv) Tyndall phenomena.— When a colloidal sol 
is viewed against light the solution appears clear like 
any other true solution. But when a beam of liglit is 
passed from one side through a colloidal sol kept in a 
glass tube ivdth parallel sides, then the path of the ray 
becomes luminous, which is mot so in the case of true 
solution. This is called Tyndall phenomenon. This is 
due to the polarisation of light by the particles of the dis- 
persed phase. ^These particles thus become visible 
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and appear as bright scintillating points when seen 
under an ultramicroscope. 


Microscope tube 
Iliuminateci cone 


Fig, 2.— -Diagram of a simple ultramicroscope. If light is passed 
through a coilodial sol at right angles to the microscope tube, 
the path of the ray of light gets illuminated and light from 
the surfaces of the particles reach the eye through 
the microscope, the particles thus 
appear to be visible. 

A simple ultra-microscope can be prepared in ttie 
laboratory by using an ordinary microscope, but instead 
of reflecting the light from below, a small beam of light 
has to be passed through one side of the glass chamber 
kept on the stage, as shown in .the diagi^am (Fig. 2).. 

Practical Experiments 

1. Formation of a^uspension. — Precipitate a solu- 
tion of barium chloride with a little sulphuric acid, 
shake up well the fine precipitate of barium sulphate 
and then leave it undisturbed for some time. Note the 
gradual settling of the precipitate. 

^'2. Formation of an emulsion. —ShBke up a little 
olive oil with water. An emulsion of oil in water is 
formed. Note that the two liquids separate in layers 
if the emulsion is kept undisturbed. 

'-■ 3 . Preparation of suspensoid solution.— Pske a 
few c.c. of 33% solution of ferric chloride and pour 
into a quantity of boiling distilled water- A colloidal 
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6. Formation of reversible gel of agar-agar.— Take 
a little agar-agar and pour it into a test tube containing 
water and boil. The agar gives a thick opalescent 
solution which sets to a gel on cooling. On warming, 
the gel again becomes a sol, and on cooling again sets 
to a gel. Thus the change^ is a reversible one. 

7. Formation of irreversible gel by using egg albu- 
men.— Egg albumen is liquid at ordinary temperature 
but on heating it becomes solid. On cooling it can- 
not be liquified again. Hence it is an irreversible gel. 

8. Tyndall phenomenon.— h. ray o£ light is passed 
through a colloidal solution and examined (See fig. ''2). 

9. Brownian movement.— Blount, a drop .of 
di lute India in k and see it under the microscope. Very 
small black paiticles will be seen moving showing 
Brownian movement. 

10. Streaming of protoplasm.— Mount a leaf of 
Hydrilla and examine under the microscope. The 

S otoplasm is seen showing streaming movements, 
ihtrast this movement with the Brownian moteinent. 



CHAPTER II 

THE CONSTRUCTION OF PLANTS’ FOOD 

The Chemical Organisation of Cell Protoplasm 
Before considering the process of carbon assimila- 
tion it will be necessary to discuss the foods of plants 
in order to understand the significance of this process 
in their life functions. The three important foods of 
plants are proteins, carbohydrates and fats. These are 
present in the tiny cells of plants and the metabolic 
• flux of each is kept separate and distinct. In consider- 
ing the physiology of a plant cell two things come 
•out prominently, uiz., 

' 1. How do the great variety of chemical processes 
which are difficult to perform in a chemical labora- 
tory, go on in a cell? and 

2. How does the protoplasm carry on all the 
different processes in a small cell? 

The Enzymes 

It is now trell established that all the bhemical 
•changes that take place within the plant cell are 
brought about by the agency of the enzymes. An 
enzyme may be defined according to Bayliss as “ a 
catalyst produced by livitrg organisms.” These enzymes 
are responsible for bringing about the various anabolic 
and- catabolic changes of a living cell. 

For the conversions of starch to sugar or sugar to 
starch suitable catalysts are needed. Outside the plant 
very high temperature and strong mineral acids are 
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needed for hydrolysis. But within the plant this goes 
on at room remperatures. This is because of the 
presence ol the organic catalysts called enzymes. These 
are complex substances and their e.xact chemical cons- 
titution is yet unknown. The name enzyme conies 
from the Clreek words en zymos which means “in 
yeast.” It u'as Buchner in 1897 who first showed 
that if yeast cells are crushed and filtered, the filtrate 
can bring about fermentation, as easily as yeast cells 
themselves. The filtrate contains the non]i\ing enzyme 
which brings about fermentation. It bas .since been 
shown that all metabolic changes within a living cell are 
brought about through the agent')' ol the enzymes. 
These are formed inside the cells due to the activity of 
the protoplasm, and in dry condition they can remain 
potentially active for a long time. 

lire enzymes are specific in their action, which 
means that a particular enzyme will act only on a 
particular substrate. Accordingly, keeping in view, 
the particular aspect of metabolism tvhich they affect, 
the enzymes are classified as follows:— 

h HYDROLASES 

(a) C arh ohy dr ases— in which are included Cellu- 
lases, Diastases. Dexirinases, Inveriases, Maitases, etc. 

Under the group Carbohydrases come all the cate- 
gories of enzymes that are associated with the carbohy- 
drate metabolism. Under this head are then clas.sified 
separate enzymes that attack each specific substrate, for 
instance those that attack starch and convert it to glucose 
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are called Diastases, those that invert cane sugar into 
glucose and levulose are the Invertases etc. 

(b) Proieases— under this we have the three types 
of enzymes, Pepsins, Trypsins and Erepsins. 

The Proteases take part in the protein metabolism. 
Pepsin occurs in the gastric juices of animals and 
is rarely found in plants. It hydrolyses proteins to 
form proteoses or peptones. The enzyme Trypsin is 
widely found in plants and specially in the papayas 
(Carica papaya) as “ Vdipain.” It hydrolyses proteins 
not only upto the peptones but splits these further to 
the amino acids. Erepsin has been found in the em- 
bryo of wheat, in green peas and is generally widely dis- 
tributed. It digests peptones and other polypeptides to 
amino acids. 

(c) Lipases— the enzymes of this group hydrolyse 
all the simple estei's of the type trihydroxy alcohols and 
fatty acids. 

The above are called Hydrolases for the 
metabolic reactions of the substrate within this 
great group comprises either the intake or removal of 
water. The enzymes under this group not only 
bring about hydrolysis, but also synthesis by 
condensation of carbohydrates, proteins and fats from 
tlicir simpler constituents. This depends upon various 
factors such as the concentration of the substrate, salts, 
temperature, etc. Thus the very enzyme at one period 
may form polysaccharides and at another period may 
hydrolyse starches to sugars. ‘ 
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2. OXIDASES - 

(a) Oxygenases— These cause formation of organic 
peroxides. 

(b) Peroxidases— The peroxidases are capable of 
rendering active the oxygen of peroxides. The oxygen 
is freed from peroxides in atomic or active form and is 
thus capable of causing the oxidation of certain com- 
pounds. 

(4 Cafalases-These enzymes are capable of de- 
composing hydrogen peroxide into u-ater and molecular 
oxygen but do not activate the ox\gen. Thus 

2 H2O2 + Catalase *~>2 II^O' -f ’O2 ' " 

: The enzymes under the Oxidases act as oxidising 

agents and are responsible for the various types of bio- 
logical oxidations such as respiration and fermentation. 
Most enzymes are very sensitive to heat and are 
thus called thermolabile. They are destroyed at a 
temperature of 100°C or even much below. Enzymes 
possess colloidal properties, e.g., want of diffusibility 
through parchment. Most enzymes are soluble in 
water but insoluble in alcohol. This helps to bring 
•'abput the separation of the enzyme which is mixed up 
with other chemical substances within the plant cell. 

The Plants’ Food 

The Proteins. 

As during the metabolic flux the production and 
break down of the proteins, carbohydrates ’and 
fats, continuously go on, a knowledge of their, 
chemical behaviour is essential. 

P. 2 . 
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Proteins are divided into four classes: 

1. Amino-acids 

2. Derived proteins 

3. Simple proteins. 

4. Conjugated proteins 


i. Amino-acids. Amino-acids are compounds 
which contain at least one carboxyl (-CO OH) group 

Glycine 

C±l 2 . COOH IS one of the simplest amino acids. 


NH2 


It ws E. Fisher (1901) who first gave a due to 
the chemical nature of the higher proteins. He showed 
that the higher ones were formed by the joining toge- 
ther of the lower proteins. Therefore one may say 
that the lower ones are the building stones. 

Taking glycine as the simplest of amino-acids let 

us see how the condensation and hydrolysis are brought 
about. ° 


HjN. CH,. CO 


!0H + Hi 


Condensation 
HN.Ce^.COOH I 


Olyeine. 

H ydrUf C00H.H.0 

Here OH from the acid group of one molecule of 
gycme and .H from the amino group of the other are 
removed to form diglycine and water. The diglycine 
IS also cal ed dipeptide. The joining of the two mole- 
cules of glycine to form a dipeptide is a process of con- 
densation, while in hydrolysis a molecule of water is 
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taken up and diglydne gets hydrolysed to two 
molecules of glycine. By the addition of more mole- 
cules tri-, tetra-, etc. glycines can be formed. Cystine, 

COOH. eH(NH.). CH.. S.S. CH.. CH. m. COOH, 
is another amino-acid and contains sulphur. 

2. Derived proteins. —These include the proteins 
that are formed as a result of partial hydrolysis or de- 
composition of the simple proteins. The proteo.ses 
and peptones are examples. 

3. Sn^ple proteins.— These are proteins which 
yield only ammo-acids on hydrolysis, e.g. albumins, 
globulins etc. 

The higher proteins are colloidal in nature while 
amino-acids are crystalloidal. Thus amino-acids are 
more active. If all the four classes of proteins are 
enclosed in a parchment paper which i^ dipped in 
a basin of water class one represented by the 
amino-acids will readily diffuse out. 

4. Conjugated proteins. -These are compounds of 
proteins with some other non-protein group, e.g., 
nucleoproteins, hemoglobins etc. In the nuclei of 
plant cells, true nucleoproteins do not occur but they 
are present as salts or esters of protein and nucleic acid. 

The Carbohydrates. 

These are the most important constituents after 
proteins. They contain carbon, hydrogen and oxygen, 
the last two in the same proportion as in water. 
Oses are the common name for sugars, e.g., monoses 



PLANT PHYSIOLOGY 


are the monosaccharides containing six carbon atoms^ 
viz. CeHiaOs Dioses ox the disaccharides are the 
condensation products of the monoses with double the 
number of carbon atoms, e.g., CiaHagOn Although 
there is much difference between pi’oteins and carbohy- 
drates, their hydrolysis and condensation are very 
similar. 


Condensation 


Hydrolysis 


The structural formula of g/Mco5g is 

CHO. CHOH. GHOH. CHOH. CHOH. CH 2 OH. 

This shows that it is an open chain compound with an 
aldhyde group— C-H. This is, therefore, also called 
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Similarly the fruit sugar or fructose, the ketohexose, 
is a ketone sugar, having the following structural 
formula. CH^OH. GO. GHOH. GHOH. GHOH.CHg 
OH. This has only three asymmetric carbon atoms and, 
thercfoi'e, according to the formula 2 ® , it should have 
eight stereoisomeric forms. Further eight forms of the 
ketone sugars will also be possible if the O in the CO 
is on the left instead of the right. Thus, as in the 
case of aldohexoscs, here too there should be sixteen 
stereoisometric forms. In all there will be thirty-two 
isomeric forms of hexoses. Recent researches have, 
however, shown that due to the formation of 
ethylene and butylene oxides, the nxlmber of forms can 
be greatly increased. 

Under the monosaccharides are hexoses and pen- 
toses. Pentoses have five carbon atoms, having the 
following structural formula GHO. GHOH. GHOH. 
GHOH. GH.^OH. This is also commonly found in 
plants. It will have eight isomers; while its ketone 
counter part GH^ OH. GO. GHOH. GHOH. GH^ OH, 
will have also eight. 

Sucrose or cane sugar Gi^HgaOji is a condensation 
piodnct of a molecule of glucose with a prolecule of 
fructose, with the consequent elimination of water, It 
is commonly found in most plants. The ' ordinary 
sugar that %vc cat is cane sugar and is extracted 
from the cane sugar plant, from whence it derives its 
name. 

Sfarc/t.— (GQHjoOg)n. This is a polysaccharide 
and is supposed to be formed by condensation of a 
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number o£ hexose sugars. It is colloidal in nature, and 
thus it is osmotically inactive. It forms the main 
reserve of food stuffs in the plant kingdom, and is 
found in practically every region of the plant, e.g., 
leaves, petioles, stems, roots, seeds etc. There are 
two polysaccharides in starch grains, viz., amylose 
which is soluble in water and is stained blue with 
iodine, and amylopectin which is insoluble in water and 
is stained violet with iodine. The latter forms the 
outer layer. The swollen amylopectin in solution gives 
the pasty condition when a little water is added to starch 
powder. 

In plants, there is a continuous flux of up grade 
and down grade sugars, brought about by the agency of 
plant enzymes; the type of flux, e.g., up grade or down 
grade depending upon the condition of the cell at the 
moment. The following table shows the probable 
course of the up grade and down grade flux. 



Enzyme 

Cellulate 

Diastase 

Galactase 

Gl^cogenase 



1 








1 

Polysaccharide 

Cellu- 

Starch 

Galactan 

Glycogen 

1 



(CftH toOgjn 

lose 

Dextrin 





Dowa 

Disaccharide 


Maltase 

Lactase 


J 

P 

grade 



Maltose 

Lactose 


grade 

fliiix 






dux 

[ 

Monosac- 

Glucose 

Glucose 

Glucose 

Glucose 


[ 

1 

charide 

,, 


Hh 



1 

i 


Mannose 


Galactose 



[ 


It was Croft-Hill who first showed that even outside 
the plant, the monosaccharides can get condensed into 
the higher forms of carbohydrates, thus showing that 
the same enzyme can work both ways: its particular 
action depending upon the condition of the substrate. 
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In one of his experiments Croft-HiH used the 
enzyme maltase with a solution of 40% glucose. In; 
due course he got the disaccharide maltose in solution. 
But it took him seventy days to get to the equilibrium: 
point. 

85 % 15 % 

The equilibrium was reached when in his solution 
there was 85% of glucose and 15% of maltose. 

Similarly, using the enzyme invertase with a solu- 
tion of glucose and fructose, cane sugar can be formed. 

Cellulose.— (CJiioOs)n. This is a polysaccha- 
ride and is the primary constituent of the cell wall. 
Like starch, on hydrolysis, it yields glucose and 
mannose, and therefore may be regarded as a conden- 
sation product of these substances. Its formation is 
brought about by the probable action of the enzyme 
cellulase or cellobiase. 

In a young meristematic cell when the cell-wall is 
just being formed cell-wall material of cellulose is laid 
in separate bits inside the protoplasm. Later on, they 
are joined together and thickenings take place. As the 
cell-wall is laid within the protoplasm and not on it a 
close-parallel may be found to the formation of 
starch. 

It is very rare that the cellulose wall is hydrolysed 
in the plant kingdom. But there are exceptions. 
Cacti have been seen to thin down if kept for a long 
time in darkness. Here the cellulose gets hydrolysed. 
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H emicelluloses. —A^zxt from celluloses, there are 
other substances, found as reserve in the cell-walls of 
certain plants, e.g., the seeds of Lupinus luteus, T ropaeo- 
lum, date etc. In the date the hemicelluloses, are syn- 
thesised from pentoses and hexoses such as mannose, 
glucose and galactose. 

Gums and mucilage are met with in some plants; 
they have a similar composition to that of hemicellu- 
loses, but involve pentose sugars in their composi- 
tion. 


Fats and Oils. 

In every plant cell along with carbohydrates 
and proteins, fats or substances allied to fats are present. 
They also form an essential structure of the plant 
protoplasm. They occur abundantly in spores and 
seeds as reserve food material. In many fungi oils 
are found in spores and mycelia. In some higher 
plants, seeds have a very high percentage of oils such 
as the seeds of olive oil, nuts and almonds. 

The true fats are glyceryl esters of the fatfry acids 
of which the glycerides of caproic acid C.3H5 (OOC 
C5 Hu) 3 and of oleic acid C3H5 (OOC.Ci7Hs 3)3 are 
most commonly found. On hydrolysis fats yield 
glycerol and the corresponding fatty acids, e.g.:~ 


CH,.OOC.CnH88 GHsOH HOOC.CitHss 

1 I I 

CHOOC.Ci,H 3, +3H,0=CH0H -t- HOOaOnHgs 


CH2.OOC.C17H, 8 

Triolein 


CHjOH 

Glycei’ol 


HOOC.CnHas 
Oleic acid 
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In addition to these true fats we often get waxes. 
Here the place of glycerol is taken by a nionohydric 
alcohol. 

The enzyme lipase efFects the hydrolysis of fats. 
And as in the case of carbohydrates and pi'oteins its 
synthesis is also effected by the same enzyme. 

OiI< fatty acid + glycerine 

38% 62% (at eqnilibriimi)- 

Practical Experiments 

Tests FOR Proteins. 

1. The Xanthoproteic reaction.— To ^few c. c. of 
the protein so lution in a test tube_add about T[f oFTts 
voluine of pure strong nffric acul. A white precipitate 
is formed, which on boiling turns yellow, and partly 
may dissolve to^ give a yellow solution. Cool under the 
tap, and add ammoiiia till the reaction is alkaline. The 
yellow colour becomes orange. The precipitate is due 
to the fact t|iat metaprotein is formed. 

i^^^^^'Millo>i''s reaction.— To ?L few c.c. of protein 
solution add about half its volume of Millon’s reagent. 
A white precipitate is formed. On warming, the preci- 
pitate turns brick-red, or disappears and gives a red 
solution. The white precipitate is due to the reaction 
of mercuric nitrate on the proteins. 

3, ^ To a few c.c. of the protein .solution add 
about 1 c.c. of 40% sodium hydroxide and one drop of 
\% copper sulphate. A violet or pink colour is pro- 
duced. 

4. Micro-chemical reaction.— Cwt a section of a 
pea-seed soaked in 'water. Treat the section with a 5% 
copper sulphate solution for 30 minutes. • Wash it in 
water and mount in a drop of 50% potassium h’^droxide 
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solution. The section is stained red, showing the 
presence of proteins. 

Tests FOR Glucose. 

I. Moore’s test.— hoil a little of glucose solution 
with an equal volume of sodium hydroxide solution. 

A yellow colour is developed which is due to the 
formation of a condensation product of sugar. 

i 2. Trommer’s test.— Add 2 ^ few drops of a . 1% 
copper sulphate solution to 2 to 3 c.c. of 5% caustic- 
soda solution. A blue precipitate of cupric hydroxide 
is formed. AddTitnv- 2 to 3 c.c. of glucose solution and 
the precipitate will 4issolve. On boiling the blue 
colour disappears and a brick red precipitate of cupi'ous 
oxide is foraied. 

3. Fehling’s test.— Boil a fe\s’ c.c. of freshly made 
Fehling’ s solution in a test tube and note that it is 
unaltered. Then add an equal quantity of the glucosqi^ 
solution and boil again. A brick red precipitate of 
cuprous oxide is formed. 

Tests FOR Cane Sugar. 

1. Moore’s test.— A negative result is obtained, 

2. Fehling test.— No reduction takes place. ^ 

i 3. Hydrolysis.— To a few c.c. of the solution add 
a drop of strong sulphuric acid and boil for two 
minutes. Then neutralize with caustic soda using 
litmus as indicator. Boil again and add Fehling’s 
solution drop by drop. A reduction takes place owing 
to the inversion of the cane sugar by sulphuric acid. 

I Tests for Starch. 

1. Add a few drops of iodine solution to a little 
of starch solution. A blue colour is obtained. Heat 
the solution, the blue colour disappears,^ but reappears 
on cooling. ^ 
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2. Add an equal volume of alcohol; the starch is 
precipitated. 

3. Microchemical test.— To a section of soaked 
pea-seed add iodine solution. It stains dark blue, 
showing the presence of starch grains. 

4. Examine and sketch the various kinds of 
starches found in the following:— 

(a) Potato.— Starch grains largel Show clear lami- 
nation; excentric, hilum clearly visible. 

_ (b) Bean.— Starch grains oval or circular, slightly 
flattened, medium size, lamination clear, and uniform, 
hilum centric and the structure concentric. Radial 
clefts pass out from hilum. 

(c) TE’/jeat— Lamination not clear, grains circular, 
flattened, hilum centi'al. 

i (d) Compound grains, individual comp>o- 

nent grains polygonal. Lamination not visible. 

(e) Euphorbia.— Grains dumb-bell shaped, i 

Q J ' j 

Study OF Enzyme Action. i 

1. Treat a little starch solution with' you^ saliva. 

Shake it for some time and then boil with equal volume 
of sodium hydroxide. A yellow colour is developed on,< 
account of the conversion of starch into sugar by the] 
enzyme ptyalin in the saliva. . I 

2. Prepare a solution of the enzyme diastase. 
Put a few drops into a weak solution of starch. Keep 
it warm by rubbing the test tubes with your hands. 
Test it for starch. Note that no blue colour develops 

•with iodine. Test it with Fehlings. It gives a test 
for sugar. . 

Enzymes are destroyed by heat. So they will 
have no action in experiments 1 and 2 if they are used 
after heating. 

3 IlGu Ww-WAOX . 
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Tests FOR Fats AND Oils. 

1. Try the solubilities of the oil in water and 
petrol ether. It is soluble in petrol ether and in- 
soluble in water. 

2. Add Sudan III to a drop of oil. The oil 
globules turn red. 

3. Cut a T. S. of Citrus leaf and examine. There 
are small globules of essential oil lying here and there 
in the cells. Though these are not fats they turn 
red with Sudan III. 

T.S. of castor oil seed. Stain with Sudan 

III and examine. Oil globules in the cells turn red. 


CHAPTER III 

THE METABOLIG BIOGRAPHY OF A PEA 

The metabolic stages of a pea or any other plant 
may be divided into five phases, viz. 

1. Dry seed 

2. Germination 

3. Seedling 

4. Vegetation 

5. Reproduction 

Dry seed.— The examination of the cotyledons in 
a pea (Pisuni sativum) shows that protein is present in 
every cell of the embryo. It is an exalbuminous seed 
and three per cent, of its dry weight is protein. If a 
section of a seed is taken and treated for thirty minutes 
with a five per cent, copper sulphate solution and then 
washed with water and mounted in fifty per cent, 
potassium hydroxide solution, the section will be 
stained pink or violet. This indicates the presence of 
proteins. If to another section of a soaked seed iodine 
in potassium iodide solution is added it is stained dark 
blue showing the presence of starch grains. The apices 
of plumule and the radicle contain only a colloidal mass 
of protoplasm. 

Germination.— On soaking the seed in water it 
swells and by the extension of the middle of the radicle 
causes the primary root to come out which penetrates 
further into the soil. Soon the elongation of the 
.epicotyl i.e.^ the region between the cotyledons and the 
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first leaves takes place and the plumule is pushed up 
through the soil into the air. Thus the seedling stage 
is reached. 



Fig. 4. — Stages in germination of pea seedings. The arrows 
indicate the directions of translocation of sugars 
and amino acids. 


Seedling.— When germination starts the proteins 
:and starches which are present in the seed as stored food 
material, get broken down by enzyme action, to amino- 
acids and hexose sugars respectively. They are then 
translocated towards the growing plumule on the one 
hand and the radicle on the other. Arrows in figure 4 
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indicate the direction of the passage of sugars and amino 
acids towards the growing radicle and plumule. Some 
of these sugars and amino acids remain in cells just 
behind the growing tip of the radicle in the vacuoles 
causing osmosis and expansion of the cells. Yet a por- 
tion travels further to the meristematic region, where 
a part gets oxidised to give the necessary energy to 
the growing cell and the rest gets converted by the 
energy of the cell into its living structure, the 
protoplasm. What is true for the radicle is true for the 
plumule also. When the seedling emerges out of the 
ground and the first assimilating leaves appear the drain 
of sugars and amino-acids from the seed stops. 

The young green leaves now start to form their 
otvn starches and proteins and these now get hydro- 
lysed to sugars and amino-acids to be translocated to 
meristematic regions. 

Vegetation.— Th&n follows the stage of free vegeta- 
tive activity and the plant grows in all its luxuriance. 

Reproduction.— Mter a period of vegetative activity 
the plant flowers and the seed is formed. In the seed 
, the sugars, amino-acids and glycerides are now poured 
in from either the manufacturing centres like the 
leaves or the storage organs of the plants such as the 
tubers or the medullary rays etc. These are then coti-. 
i densed into starches, proteins, and fats, and stored in 
I the cotyledons as such to be again used at the time 
j of the germination of the seed. 


CHAPTER IV 

PROBLEMS OF NUTRITION 

Distinction between Autotrophic and Saprophytic 
Modes of Nutrition 

In autotrophic mode o£ nuti'ition, plants manu- 
facture organic substances from inorganic matter, while 
saprophytic plants utilize only organic matter. They are 
more or less like animals who cannot manufacture their 
own food from raw materials. To say that plants live 
on inorganic matter and animals on organic, is not 
exactly true, for both live on organic matter. The 
former, however, manufacture it and then live on this 
manufactured product while the latter, unable to manu- 
facture it, simply live on others. 

The uses of food are twofold, viz.:— 

1. It provides materials for the construction of 
the body, and 

2. It provides energy for carrying on the vital 
functions. 

The animals and saprophytic plants, which are 
devoid of chloroplasts, live on autotrophic plants. So 
we may say “ All flesh is grass.” 

. PHOTOSYNTHESIS 

Brief Historical Resume 

It was Priestley in 1772 who was the first to show 
that the vital air meaning Oxygen was vi^ted by 
animals. 
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Ingco-Housz, who W3s 3 physicisn to the Emperor 
of Austria, got interested in Priestley’s papers and show- 
ed in 1779 that light was an essential factor for the puri- 
fication of air by plants. 

Dutrochet (1837) further showed, that the gi'een 
part was essential for photosynthesis, while Sachs in 
1887 showed that the first visible product of photo- 
synthesis was starch. Sachs further showed that the 
rate of photosynthesis increased, up to a certain point. 


Factors in Photosynthesis 

In order that photosynthesis may proceed in a 
healthy plant, it is necessary that light should fall on 
chlorophyll bodies in the presence of carbon dioxide 
Shd tv'ater. Temperature is an important factor also. 
^0 that we; i^ enumerate the following as some of 
the importafiWactors. 


] . Carbon dioxide 


2. Light. 

3. Temperature 

4. Water. 

Internal:— 

1. Chlorophyll 

2. Protoplasmic factor 

3. Products of photosynthesis 

Various Phases in Photosynthesis . — Before going into 
the details of the various factors an understanding of 

the various phases involved in photosynthesis is 
essential. 

The first phase is the gas exchange between green 
tissues and the surrounding air, whereby carbon dioxide 
gets absorbed by the cell sap. This is followed by the 
absorption of radiant energy by chlorophyll bodies by 
which the kinetk energy is utilized in the break down 
of the carbon dioxide and water, with the consequent 
production of organic substances such as sugars, with 
a high potential energy, and the elimination of oxygen. 
This is followed by condensation of sugars. We thus 
see that there is a physical mechanism for gas exchange, 
a series of transformation of energy and compounds 
and the ultimate deposition of food materiaL2it:h 
chemical equation may be written thus'— 

'Cl:' 

60O2+6Ha0 + 673 kg. cal. — > C6Hi2(^60a 

We shall now deal with each factor which governs the 
rate of carbon assimilation in the great plant facto^.’"' 




concentrations as is present in the atmosphere to enter, 
is about 1 per cent. o£ the area of the leaf. But the flow 
of carbon dioxide into the interior of the leaf is not 
straight; the lines of flow take a curve. 


Fig. 5.— Diagram to iUustrate the lines oi 
tJUTough a small aperture in a se; 

The above diagram shows that 
multiperforate septum yet carbon dio 
if there was no hindrance. This is on! 
maximum distance of each perforation 
times the diameter of the perforation, 
of the opening and closing of the stomi 
with in the chapter dealing with the asc 
The amount of carbon dioxide 
atmosphere is sufficient for the neec 
throughout all times, though it has bee 
air contains 1 to 10 per cent, more car 
would be beneficial. In Germany the 
of furnaces in the indnsfrioi 
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of underground pipes to agricultural lands outside the 
cities where it serves as aerial manure. 

The amount of carbon dioxide in the atmosphere 
is pretty nearly constant for the forces govei'ning the 
supply and demand are somewhat regulatory, though 
according to geological evidence it is not absolutely so. 
Man alone gives out practically 50,000,000 tons of 
carbon dioxide daily and the burning of coal, wood, 
oil etc. returns to the air several billion tons of carbon 
dioxide every year. With the rapid circulation of the 
air the carbon dioxide is evenly distributed through- 
out, and plants all over the globe get equal facility. 

F. F. Blackman (1905) has shown that if all the 
factors governing the rate of photosynthesis are in 
excess except the factor of carbon dioxide, then the 
rate of photosynthesis will depend upon the concentra- 
tion of this factor alone. Thus with the increase of 
carbon dioxide in the atmosphere the rate of photo- 
synthesis will rise till very high concentrations are 
reached causing narcotic effect upon the cell protoplasm. 

Light/ 

'^{d) Intensity oj lJght— As light is the prime 
source of energy for photosynthesis, it is natural that 
with increased intensity the process also augments. 
This was clearly demonstrated by Blackman and 
Matthaei in 1905. Previous to these workers all ,the; 
other factors necessary for photosynthesis were not 
known and thus the results were conflicting. "Black* 
man and Matthaei in their experiments kept ^ tempe- 
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rature and carbon dioxide supply in excess. They 
noticed that as the light intensity tvas increased from 
minimum the rate of photosynthesis also increased. 
This increase, of course, stopped after a certain intensity 
for the chlorophyll failed to absorb and hold all 
the light in very strong illumination. Strong light 
also tends to disorganise the chlorophyll apparatus. 
In this matter leaves may be divided up into two 
classes:— 

1. The sun leaves 

2. The shade leaves 

The two differ in both anatomical and physiological 
characteristics. The leaves of sun plants are thicker, due 
to the greater development of the palisade parenchyma. 



Fig. 6. — Surface view of epidermis of leaves of Nasturtium 
growing (A) in sun and (B) in shade. 

The cells too are of smaller size and the number 
of stomata is greater. The same plant may have sun 
leaves and shade leaves on it according to whether the 
leaf grew in the sunny or the shady side, as can be 
seen in Nasturtium. Naturtiilly with less amount of 
palisade parenchyma the amount of chlorophyll is also 
less in shade loving plan^.: Thus they are able to 
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absorb less of the solar radiations. Blackman showed 
that in low light intensities equal-areas of sun and shade 
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Fig. 7.— Cross sections of leaves of Nasturtium 
growing (A) in sun and (B) in shade. 

leaves assimilated to the same extent. But in high 
light ^un leaves assimilated more. 

’/ (b) Different Wavelengths of Light.— It has been 
found that assimilation of carbon takes place through- 
out the visible part of the spectrum and also slightly 
in the ultraviolet, m'z., between 330 and 760 m ^u. The 
experimental evidence goes to show that with equal 
intensities of incident light photosynthesis is influenced 
by wavelengths, being greatest in the led end of 
the spectrum. The absorption spectra of different 
wavelengths of light by chlorophyll, however, show 
great absorption at red and blue-violet regions and 
very little at green. We thus see that the rate of 
photosynthesis does not quite agree with the absorption 
coefficient of the chlorophyll. 

There is evidence that some assimilation can take 
place in the infra red region also. If a brass plate with 
a piece of ebonite inserted in it, be placed on a leaf 
exposed to the sun, some amount of starch formation 
can be noticed. Ebonite is transparent to infrared but 
opaque to visible light. i 
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Temperature. ' ’ 

Photosynthesis being both a photo-chemical and 

a chemical reaction, it follows that both light and tern- 


Wave length of light in miilimicroiss 

-Diagram lUustrating the photosynthetic activity 
in hght of different wavelengths.' ^ 


perature will profoundly affect it. 
Hoff’s law, the rate of a chemicdl i 
ly doubles with every increase of ] 
tion of a reaction with the 10°C. in 
is also designated by , which is a] 
coefficient. Vant Hoff’s law, withi 
between 0° and 30 ®C. is applicab 
carbon. Beyond this temperature, 
assimilation with each successive h 
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The threshold temperature of photosynthesis 
varies a good deal; this may be low as -20 “G. in the 
case of certain lichens and as high as + 9 °C. in the 
case of certain tropical plants. 

Water. 

Another important external factor governing the 
rate of photosynthesis is waterr It affects the rate of 
photosynthetic process both directly and indirectly. 

1. In the direct action it combines chemically 

with the carbon dioxide of the atmosphere to form the 
carbohydrates. " — — - - - 

2. Indirectly (a) it helps to maintain the turgidity 
of the leaf cells and (b) it enables the stomata to remain 
open to facilitate gaseous exchange. 

It has been shown that a reduction of 53 to 78 
per cent, of photosynthesis takes place when water 
content of the leaves of Bidens tripartita is reduced by 
43 to 44 per cent. Dastur has also proved that there 
is a direct, correlation between the decrease in the rate 
. of photosynthesis and the fall in the water content per 
unit area of the leaf. 

The decrease in the rate in photosynthesis may 
also take place in very strong light which helps to increase 
evaporation and thus closure of the stomata may take 
place (refer to page 189). 

Chlorophyll. „ 

The vast number of synthetic products formed 
inside the plants, upon which animal life depen»is, is 
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of its green colouring matters. The origin of these 
green colouring matters is still a mystery. According 
to Guilliermond there are minute structures in all the 
living plant cells called chondriosomes, which arise 
from pre-existing chondriosomes. During develop- 
ment these not only form plastids but also other me- 
tabolic products. Those plastids that have the green 
colouring matter are called chloroplasts. The plastids 
themselves are hollow, flattened, ellipsoidal structures 
with a central vacuole. The green pigments are evenly 
distributed throughout the ground substance, though 
there is some evidence that they occur only at the peri- 
phery. Willstatter has shown that the leaf pigments 
are in a colloidal state in the living plants. For the 
development of the green pigment in the plastid, light, 
adequate temperature, and a small quantity of iron 
are essential. 

When ordinary sunlight falls upon a green leaf 
all the various parts of the visible spectrum are not 
absorbed. When the light which has passed through 
a chlorophyll solution is analysed into its colours by a 
prism, it is seen that there are certain dark bands which 
show the regions of the missing wavelengths. These 
are the radiations absorbed by the chlorophyll solution. 

Figure 9 shows the absorption spectra of the various 
plant pigments. The principal absorption bands lie at 
the red end and the bliid-'violet end. The absorption 
bands at the red end are principally due to the chloro- 
phyll pigments while ; the , absorption at the blue-violet 
end is due to the carpdpoidl pigments. 
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Chlorophyll can be extracted from leaves, without 
changing its composition by 80 per cent, acetone 
solution. It forms a rich green solution with a blood 
red fluorescence. 


Chlorophyll 


700B 


6(K)D K 5O0F 

.J,„, 


G 400 



Clijorophyll a 


700B c 


of)0I> 
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Chlorophyll h 
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I 


600I> E SOdF G 400 



C.'irotin 


7O0B C (,0OD E 500E O 4® 





Xantliophyll, 


G 400 



Pig. 9. — ^Absorption spectra ot plant pigments. 


Before Willstatter’s work it was not clear as to 
how'- many pigments were there in the chloroplast?. 
It has now been shown by him that there are four 
pigments, viz., 2 green and 2 yellow. , ; ^ ! 


4 i ■: 9*: ^ I * .i 1 1 I i t '■ t ' ; I f i 


44 


PLANT PHYSIOLOGY 


The two green pigments are:— 

Chlorophyll a, C55H720gN4 Mg which consti- 
tutes ’6 per cent, of the dry weight of the leaf, and 
Chlorophyll 6, CggH^oOgN^ Mg which consti- 
tutes -2 per cent, of the dry weight of the leaf. 
Brown and red algae do not contain chlorophyll b. 
Its place seems to have been taken by two other newly 
discovered forms of green pigments viz., chlorophyll c 
and chlorophyll d. Strain and Manning (1943) found 
that brown algae and diatoms have chlorophyll c and 
red algae have chlorophyll d. The composition of these 
are as yet unknown. - 

As will be seen, the difference between chlorophylls 
a and h is, that in the latter there is a reduction of 2 
atoms of hydrogen and an increase of an atom of oxygen. 
The two yellow pigments are as follows:— 

Carotin, C^^IIgg. It is orange in colour and 
constitutes *08 to *08 per cent, of the dry weight 
of the leaf, and 

Xanthophyll C^gHgeOg . It is yellow in col- 
y our and constitutes - 07 to •! per cent, of the dry 
weight of the leaf. 

Carotin and xanthophyll are hydrocarbons. There 
is a close similarity between the chlorophyll pigments 
of the leaf and haemoglobin which is the red colouring 
matter of the blood. But whereas, in the former mag- 
nesium forms part of the structure of the molecule iii 
the latter iron does so. 

Outside the plants these pigments are easily des- 
troyed by light and okygen. 
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The chloroplast takes up the radiant energy and 
converts it to the right kind o£ energy, which in turn 
causes the reduction of carbon dioxide, without itself 
getting impaired. Thus chlorophyll is a photocatalyst. 

Willstatter has shown that the rate of photosyn- 
thesis is to a large extent dependent upon the amount 
of chlorophyll. Shade plants with thin leaves contain- 
ing a single layer of palisade parenchyma can absorb 
less light than a sun leaf with a double layer of palisade 
parenchyma. In strong light the sun leaf can assimilate 
carbon dioxide at a greater rate than the shade leaf. 


Protoplasmic Factor OF Photosynthesis. 

Protoplasmic factor is another internal factor of 
photosynthesis. It is different from chlorophyll factor 
but may be enzymatic in nature. Irving (1910) found 
that in the case of young leaves of barley and Vida Faba 
which were just fully green the efficiency of photosyn- 
thesis went on increasing with age but without further 
increase in chlorophyll. Briggs (1922) termed it as 
“ Photosynthetic potentiality ” and concluded that this 
! unknown factor increased in a newly growing assimilat- 
ing tissue with age iirespective of light or darkness. 


Products OF Photosynthesis. 

Carbohydrates and oxygen are the chief products 
of photosynthesis. The latter, however, as soon as it 
is formed, escapes into the atmosphere and thus does 
not affect the rate of photosynthesis. Carbohydrates,. 
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on the other hand, remain in the leaf cells, and conse- 
quently affect the rate of carbon assimilation. 

According to the law of mass action chemical 
action decreases as the product of its activity increases. 
If the initial rate is to be maintained then the accumu- 
lated substances must be removed. In the morning 
at sun-rise the amount of sugars in the leaf cells is low, 
thus there is active photosynthesis; but towards noon, 
due to the accumulation of the photosynthesised sugars 
the rate falls. 


The Interaction of Factors 

We have so far dealt with the effect of individual 
factors on the assimilation rate of plants. It was F. F. 
Blackman who after a series of extensive researches es- 
< tablished in 1905 the Law of Limiting Factors, which, 
with certain minor modifications, holds good even today. 
The law runs thus: “ When a process is conditioned as 
to its rapidity by a number of separate factors, the rate 

I of the process is controlled by the pace of the slowest 
factor.” Slowest factor stands for the factor in the 
minimum. We have already seen that the rate of 
photosynthesis is governed by light, carbon dioxide 
supply, temperature, water, chlorophyll etc. Now 
suppose all these factors are present in large excess 
except carbon dioxide, then according to the law of 
limiting factors the rate of photosynthesis will be 
governed by the concentration of carbon dioxide alone. 
; A time may come, however, when by progressive 

i : increase of carbon dioxide this factor may become in 
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€xce^ of the requirements of the plant and thus a 
further increase will no longer augment the photosyn- 
thetic rate. Here it may be that light now becomes 
limiting. If it is so, then according to the Law of 
Limiting Factors, an increase of this factor will 
augment further the rate of photosynthesis. If, however, 
photosynthesis does not increase, then obviously some 
other factor must be limiting by increasing which 
photosynthetic rate will increase. 


Q Light intetishy 3 


Light intensity 2 


Light intensity i 


Carbon dioxide concentration 

Fig,. 10. — Diagram illusti-ating Blackman's law of Limiting 
Factors. Explanation in text. 


Figure 10 graphically explains this phenomenon. 
The rate of photosynthesis increases up to a point A, 
with the increase of carbon dioxide concentration, when 
a certain light intensity 1 is administered. With light 
intensity 1 photosynthesis does not increase beyond the 
point A, even though carbon dioxide coftcentration may 
be increased. . Here, then, at A and beyond carbon 
dioxide concentration has become in excess for the li"!it 
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intensity of 1. If, however, light intensity is doubled 
to 2 then the rate of photosynthesis will again go up 
with the increase of carbon dioxide concentration as 
shown by the rise from A to B. Thus we see that with 
light 1 carbon dioxide concentration beyond A is rela- 
tively in excess but it becomes limiting when double 
light is given. 

At B again light becomes limiting. Thus any in- 
crease of carbon dioxide cannot augment the rate of 
photosynthesis. When light is increased threefold the 
rate of photosynthesis is again increased. 

At the points A, B and C in figure 10, according to 
Blackman there is a sharp inflection point; so that the 
rate of increase is linear with increased concentration of 
CO 2 and at the limiting light intensity the increase is 
suddenly arrested. 

Blackman’s law of limiting factor during recent 
years has been modified. Boysen-Jensen (1918), work- 
ing on Sinapsis alba found that the increase in the rate 
of photosynthesis, when a limiting factor is increased, 
does not show a rise in linear proportion but, that, with : 
increasing concentration of a particular limiting factor 
the rate of increase of photosynthesis diminishes. Thus 
instead of getting a curve of a type of Blackman’s (Fig. 
10) a smoothed curve is obtained. 

With the help of more sensitive apparatus Warb.mg 
(1919) found a similar type of curve using the unicellu- 
lar alga Chlorella. Harder (1921) (Fig. 11) working 
on Fontinalis also found; that when only one factor is 
changed the curve representing the rate of photosynthesis 
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is oE a iogarithmio^type. Harder further found that by 
varying either light intensity or concentration of GO ^ 
the rate of photosynthesis could be altered and be there- 


}&,OOOM.C. 


6,000 M.C, 


m '0* O’t "W Q*2 03 032 ZMHCO^ 

Fig. 11,. — Effect of change in eoneentration of carbon dioxide 
on the rate of photosynthesis with different intensities 
of light (After Harder.) 

fore, concludes that more than one factor may be limit- 
ing at a time and a variation in the intensity of that 
factor which is relatively to the greatest degree in the 
minimum, produces the greatest change in the photo- 
synthetic rate. For instance, if at a certain point in 
the photosynthetic curve the rate of photosynthesis is 
augmented by either the increase in COg concentration 
or by light intensity, greater augmentation of photo- 
synthetic rate will take place when that factor which is 
relatively more in the minimum is increased. 

These considerations have an important bearing 
on crop production. In India, both the factors of 
F. 4' . 
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light and temperature are high in comparison to those 
found in Europe. Thus for the growth of wheat, for 
instance, it is not the light or temperature that has to 
he, increased for increased assimilation but carbon 
dioxide which relatively is in the minimum in India. 

Energy Relations in Photosynthesis 

In the process of photosynthesis the radiant energy 
is transformed into potential energy in the form of the 
organic compounds that are synthesised. We have 
then to study (a) the amount of energy available to the 
plant, and (b) the proportion of energy used in photo- 
synthesis. 

( a ) The Amount of Energy Available to the Plant. 

The Total Incident Radiation— The intensity of 
solar radiation can be measured by means of the heat 
produced when the radiation is absorbed on a black 
surface at right angles to the rays. On an average the 
intensities of solar radiations vai'y from 1-15 to 1*75 
calories per square centimeter per minute. 

The Coefficient of Absorption of Radiant Energy.— 
The coefficient of absorption of radiant energy is the 
difference bet^veen the solar energy falling upon the 
leaf and the amount transmitted through it. This is 
easily estimated by interposing the leaf in the path of 
the rays and measuring the radiant energy falling on 
the leaf and the amount transmitted. The difference 
gives the coefficient of absorption. 

This of course neglects the amount reflected and 
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radiated from the leaf surface. The coefficient of 
absorption for Helianthus annuus as found by Brown 
and Escombe was 0-686. They also measured the co- 
efficient of absorption by the white an^ green portions 
of the leaf of Negundo acer aides. The result was 0-787 
for the green and 0-745 for the white. Thus 0 - 042 ’ was 
the increase in the absorptive power due to the green 
colouring matter of the leaf. 

(b) The Proportion of Energy Used in 
Photosynthesis. 

Not all the energy that is absorbed is utilized in 
photosynthesis. Some of it is used in transpiration 
\vhile a certain portion is lost by thermal emission into 
the surrounding air. 

One of the easiest ways to find out the amount of 
energy fixed in photosynthesis is by measuring the 
increase in weight after a period of active assimilation. 
This increase gives the weight of the carbohydrates 
formed in photosynthesis. The heat of combustion of 
the various carbohydrates being known, the energy 
fixed can be calculated out. 

The follotving are the heat energies per gram of 
certain substances: 

Glucose 
Sucrose 
Starch 
Cellulose 
Leucine 
Olive oil 


r ^ ’ . 


\V/ 


3.760 calorics. 
3,990 „ 

4,100 „ 
4,200 
6,500 „ 

9,510 


/ 

/ 

/ 

U\. . 



ase ot every gram m weight of the leaves 
ateiy 4,500 calories are fixed, for the process 
top at glucose but substances of higher energy 
also built up. From these considerations 
Escombe conclude that as little as 0-5 per 
total incident radiation in full sunshine is 
process of photosynthesis by land plants. 

er, finds that 1 to 5 per cent, of 
itilized. » 


in 1870 who first suggested the for- 
othesis with regard to the formation of 
oducts in photosynthesis. According to 
ight carbon dioxide splits up into carbon 
oxygen. The oxygen thus formed es- 
carbon monoxide is held by the chlo- 
onoxide is now reduced to formaldehyde 
»sition of irater. The formaldehyde is 
to sugar. The successive steps are as 


CO + Ha- 
6HCHO- 


CO + O in Sunlight 

• H 2 + o 
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Willstatter and Stoll (1918) on the results of their 
experimentation consider that the carbonic acid forms 
an additive compound with chlorophyll as follows:— - 


R: Mg + H 2 C 03 = Rt 


Mg.O.Ci 


Hei'e R:Mg stands, for chlorophyll formula. - 
This first phase of chemical action is followed by 
a photochemical reaction in which the chlorophyll- 
carbonic acid compound gets rearranged as follows:— 


R— Mg.O.C' 


•Mgr.O.CH; 


This compound with a peroxide structure has a 
higher energy content and thus in the process absorp- 
tion of light energy takes place. The peroxide now 
decomposes under the action of an enzyme into fonnal- 


R— Mg.O.CH<f 1 =R: Mg + H£HO+0» 

\ 

H .::vv 

dehyde and chlorophyll is reformed. The formaldehyde 
now polymerises to hexose. 


Organic Acid Hypothesis. 

Another alternative hypothesis put forward by some 
workers suggests that organic acids are formed as inter- 
mediate substances during photosynthesis.- ? .Almost a 
hundred years ago Liebig op |;he basis w [decrease 
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termediate producL fr that acid. 
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® Were not amVe 
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CHO ‘ 
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In this scheme hydrogenperoxide is formed which 
will be reduced to water and oxygen by the action of 
the enzyme Catalase. That Catalase increases during 
the formation of monosaccharides has been shown by 
Ranjan and Mallik (1931). This supports Erlen- 
meyer’s hypothesis because during active synthesis of 
sugars large quantities of peroxide are formed which 
get decomposed at a very rapid pace: in fact at the very 
moment of formation. Thus proportionate increase in 
the amount of catalase is important. 

Practical Experiments ^ 

yf ACTOR CO 2. : 

1. A potted plant is placed on a ground glass plate 
and is covered by a tubulated bell-jai'. Inside the bell- 
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3. Bubbling of oxygen.— A number of shoots of 
Hydrilla (a water plant) are placed under a funnel in 


•xygen 


Water pknl 

-Diagram of apparatus to show the evolution of oxygen 
by water plants during photosynthesis* 


a large beaker filled with water holding carbon dioxide 
in solution. Over the end of the tube of the funnel 
which is below the surface of ’water is inverted a test tube 
filled tvith water and the whole exposed to direct sun- 
light (Fig. 14). Oxygen collects in the test tube.- 

y'i. No bubblmg of oxygen without CO^ .—The 
above experiment is, repeated by putting the Hydrilla 
plant in a beaker containing tvater which has been pre- 
viously boiled and kept covered with a vietv to reniovc 
the CO^. No bubbles appear. ,, 

■'5. Experiment to show that the . enters' tm' 

leaf through stomata.— The lower half of a leaf without 
being cut off from the plant is smeared with vaseline. 
After 24 hours the leaf is reraovedjfrom the plant 
its chlorophyll is extracted by first IjoilingflH water 
then in alcohol. It is then fubiaitted to die iodine test. 
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f are put in iodine solution. Note that the dark coloura- 
tion appears only at the regions containing chlorophyll. 
Explain. 

2. With the help of a hand spectroscope, examine 
the light spectrum:— 

, (a) Direct, and ^ . 

(h) Through a solution of chlorophyll. 

Note that in the latter case a dark band appears in 
■/-. the red region and another in the blue-violet region. 

S. Sitn and shade leaves.~Cut T.S. of the leaves 
• of Parana paniculata or Nasturtium growing in sun and 
’ shade respectively. Note that the two kir4s<^^aves 
differ in the following ways:— 

(a) Number of palisade paranchymah’d^crs— 
larger in sun leaves. 

(b) Number of stomata— more in sun leaves. , 

(c) Number of chlorOplasts in each palisade cell 
:} .. — greater in sun leaves. 

(d) Position of the chloroplasts— central in shade 
and nearer the cell walls in the sun leaves. 

Examine the sections under the microscope. 
Sketch and show the various differences and explain. 

4. Mount a few filaments of an alga and note the 
position of the chloroplasts. Treat the alga with 
chloral-hydrate-iodine and observe that starch grains are 
found at places occupied by the chloroplasts. > \ . 

5. MQunt;ilhe leaf of a moss planfand treat it^ 
also with chlorai-Aydrate-iodihfe and note the result. , • 

6. Gut T.S. of the leaves jof N^mum ^ and Eugenia 
treat die sections as ^a.bove . wilh chlorahhydratc 
T: iodine and note the result,,.,;- • i r yUlMf:- ^ 
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GHEMOSYNTHESIS OK THE ASSIMILATION 
OF CARBON BY PLANTS WITHOUT 
CHLOROPHYLL 

So far the formation of the carbohydrates in the * 
green cells of the leaf has been dealt with. For this- 
endothermic reaction the energy is derived from sun- 
light. There are, however, certain forms of bacteria 
that grow in the entire absence of light and still form 
their carbohydrates from carbon dioxide and water. 
They derive their energy for this process from ammonia 
and such other compounds. 

So that there are two sources of energy for plant 
activities, viz., 

(I) Sunlight, and ^ . 

(11) Energy from oxidation of substances. 

The latter can further be sub-divided into:— ' 

(1) Those that . derive energy from organic 

compounds, and 

(2) Those that derive energy’ from inorganic 

compounds. 

1 . The non-green plants that derive energy’ from 
organic compounds are further divided into:— 

(a) Saprophytes . . (Mushrooms, yeasts, etc.)' 

(b) Parasites . . (CuscuM, etc.) 

2. Non-green plants that derive their energy^ from 

inorganic substances are as follows:— j . 

(a) Nitrifying bacteria— There are two types of 

bacteria found in this class, viz., n u-l r# 
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The Nitrosomonas which oxidises ammonia to | 
nitrous acid and Nitrobacter which further oxidises the i 
nitrous acid to nitric acid. This oxidation provides 
these micro-organisms with the necessary energy for ’ 
sugar formation. The reactions are as follows:— 

Niirosomnas— (^'Ri)2COs + SOa — > 2HXO2 

-fCOa + SHaO+liScal. 

Nitrobacter — Ca (NOala + Oa — ^Ca (NOala-t- 22 cal, 

(6) Sulphur bacteria is another example of non- 
green plants which derive their energy from inorganic • 
sources. They oxidise hydrogen sulphide to sulphur ^ 
and water, thus securing the energy for metabolic pro- ; 
•cesses. b 2 ! 

The sulphur bacterium, Beggi^tSa, is found in 
sulphur springs and thrives on putrefying material 
which produces sulphuretted hydrogen. The reactions | 
are as follows:— 

2H2S-t-02--->2H20-fSa I 

The sulphur so liberated accumulates in the proto- 
plasm, and gets further oxidized to sulphates:— 

Sa + 2 H 20 + 302 — ->2112804. I 

Sulphuric acid immediately reacts with the car- 
bonates present in the water to form sulphates. " 

HaSOi-t- CaCOa — >CaS 04 + COa-h H 2 O 

Regarding the non-green plants that derive energy 
from organic compounds only, mushroom and yeast 
have already been mentioned in connection with ; 

saprophytes and 
with* fungi. 


are dealt with in books dealing 
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Cuscuta (dodder) is an example of the parasitic 
. It is parasitic on most green plants. This 


Parasite 

tissue 


Haustorium 


■Host stes© 


parasite 


Fig. 16, — (A) CHsctiia twining round a host; (B) Cross section of 
host with attached parasite. Note the vascular connection 
between the host and the prarasite through 
the haustorium, 

is an extreme case of specialization. For the entire 
plant body resembles a fungus. It consists of 
leafless branches devoid of chlorophyll which may be 
compared to a fungus hypha. The hyplia like body 
attaches itself by means of its haustorium to the host. 
Vascular connections from the bundles then develop 
and reach the vascular bundles of the host, to enable 
the parasite to draw upon the nourishment of the host 
(Fig. 16). 


NITROGEN SYNTHESIS ■" 

Our study of plant life has shown us that, as a ? V, ’’H; 
rule, green plants and many fungi and bacteria, form; 
amino-compounds, proteins and other nitrogenous , H ■’ !, 
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bodies from certain of the raw materials. The ques- 
tion now arises as to the sources of the nitrogen. 

Naturally attention is drawn towards the atmos- 
pheric nitrogen which is about four-fifth of the air 
around us. Is this uncombined element assimilated 
by plants in a somewhat similar way to carbon dioxide 
assimilation? In his classic experiment Boussingault 
proved that the majority of plants are unable to assi- 
milate atmospheric nitrogen. 

He germinated a seed in soil, free from nitrogenous 
compounds, in a pot. The seedling was allowed to 
grow inside a bell jar, through which air along with 
nitrogen was allowed to circulate. 


Water. 


Fig. 17. — ^Diagram of Boussingault’s experiment (For 
i explanation: , see page 7a). 

Any ammonia in the ; altftosphere was absorbed by 
sulphuric acid k«pt in a . dish ^ within the bell ’jar. 
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Boussingault found that though carbohydrates increased, 
the total nitrogen remained the same as it was in the 
seed. More extensive and critical experiments have 
since been performed and they have all gone to con- 
firm this result. One family of plants, however, stands 
out unicjue and that family is the Leguminosae. Plants 
of this family are able to trap the atmospheric nitrogen 
and build up complex proteins. Their mode of nitro- 
gen nutrition will be dealt with later. 

Having thus found atmospheric nitrogen to be of 
no use to the vast majority of plants tve have to turn 
our attention to soil nitrogen. Nitrogen occurs in 
soils in various combinations, viz., 

(1) Undecomposed organic matter. 

(2) The converted organic matter due to decay 
—humus. 

(3) The inorganic nitrogen in the form of 
nitrates and ammonium salts. 


Nitrification of the Soil 


Predominantly nitrification of the soil is brought 
about by bacterial action. If a large bored glass tube 
about a yard long is taken and is filled with a mixture 
of sand and lime, and sewage water containing ammo- 
nia is poured from top, so as to allow it to slowly 
percolate through the mixture of sand and lime, then, 
after some days, nitrates will be found. The ammonia 
of the sewage gets oxidized to nitrates by the action ’pf , 
bacteria present in the sewage -w^r. If ; chlorohjtto 
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IS added to the water then the formation of nitratps 
stops. “ 

In the process of decay and putrefaction (the 
former process is odourless and the latter with odour) 
of plants and animals ammonia, carbon dioxide and 
other products are produced. These processes are 
brought about by Bacterium mycoides. Some of 
this ammonia escapes into the atmosphere, while some 
umtes with the soil bases and remains in the soil. 
The ammonia is further oxidised by certain micro 
organisms to nitrites. These nitrites are, however 
injurious and are converted by other types of bacteria 
to nitrates. The nitrates are then, in their turn, taken 
np by the plants. 


Importance of Nitrates and 


T HE Relative 

Ammonia. 

In all ordinary cases nitrates and ammonia are 
present in the soil moisture as ions and enter the root 
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hairs as such. Regarding the utility of 
forms of nitrogen it has been found that in some 
plants prefer nitrate nitrogen while others prefer am- 
monium nitrogen. 

When ammonium salts are supplied to the soil it 
is just possible that they get first converted into nitrites 
and then into nitrates and as such enter the root hairs. 
If soils do not contain lime then it has been shown that 
there is more growth when nitrates are supplied than 
when ammonium salts are given (Fig. 18). The 
reasons are twofold, viz., 

(1) When ammonia is oxidised to nitrates then 
free nitric acid may result which increases the 
of the soil and is consequently injurious. If, however 
lime is present th^ nitrip acid will combine 
calcium to form calcium 'salts. 

(2) If ammonia is assimilated as such in the form 
of ions then more of the basic radical is absoibed and 
the acid ions are left behind. This again tends to in- 
crease the acidity of the soil. 


Nitrogen Fixation. 

By nitrification nitrogenous bodies are merely 
transformed into inorganic nitrogen. But this does 
not increase the total nitrogen of the soil. No doubt 
some combined nitrogen may be brought 
thunderstorm, but it is in negligible 
other hand there is a continuous loss of 
■washing away of setvage and by denitrification 
tain bacteria. 
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This loss of nitrogen is made good by plants 
belonging to the family Leguminosae, which by a pecu 

liar process are enabled to fix atmospheric nitrogen 

Legumes growing under natural conditions have small 
tubercles upon their roots. These develop only when '■ 
grown in non-sterilized soil. i 



Pig. 19.— Root of a leguminous plant with tubercles. 

A transverse section of a leguminous root shows 
that the inner cells of the parenchyma tins tissue are 
different from the outer parenchymatous tissue. The ■ 
inner one is the bacterioid tissue. 



^epiderSsren?'^eS)derrais°1?^infp^tPH'^“^®' 

through which bacteria entered. 
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The cells of this tissue have high protein content. 
The protein substances occur as small bacteria like rods. 
Strands of vascular bundles of the root also extend to- 
wards the tubercles in older nodules. 

Life history of Bacillus radicico/a.— The bacte- 
rium which lives symbiotically in the roots of the Legu- 
ininosae is Bacillus radicicola. This in some mysteri- 
ous way has the power to take up the atmospheric 
nitrogen present in the soil and convert it into organic 
nitrogen compounds. It, however, cannot manufac- 
ture its carbohydrates and thus has to depend for this 
commodity upon the leguminous plant to which it 
gives back in return organic proteins. This is a typi- 
cal case of interdependence or symbiosis. 

The bacteria ivhich at first are in the form of 
spherical small bodies with two cilia, remain in the 
ground and when they come near a root hair get 
attached to its mucilagenous ivall. Soon after they 
manage to penetrate in and accumulate within the 
root hair. Later they get enclosed in a sheath, which 
enlarges and branches, and penetrates into the root 
paranchyma. The filamentous sheath then begins 
to branch again. .4l the same time, due to the irrita- 
tion by the presence of a foreign body, rapid division 
of the root ]iarenchyina also takds place. This gives 
rise to the tubercle. The filamentous sheath now dis- 
integiates liberating the bacteria. Here they enlarge 
and branch and become bacterioids. At this time vas- 
cular bundles develop in the tubercle and deplete the 
bacterioid tissue. The remaininsr barterM col- 
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lect in gi'oups and get enclosed in strong sheaths. 
These spore-like colonies fall away on the death of 
the host and infect other roots. 

Protein Assimilation. 

The lack of knowledge regarding the chemistry of 
the proteins makes it impossible to study with any defi- 
niteness their synthetic process. As has been said 
before, the proteins are an immense group of com- 
pounds with enormous molecules. They contain 
carbon, hydrogen, oxygen, nitrogen, sulphur and phos- 
phorus. When the higher proteins are hydrolysed they 
yield amino acids. These are the products which are 
intermediate between organic acids or carbohydrates 
and proteins. 

Though theoretically speaking a large variety of 
amino acids as a result of hydrolysis of proteins should 
be formed, recent work has shown that about twenty 
diflEerent types of amino acids only are found in the 
leaves of the plants in various proportions. On the_ 
other hand at the meristematic regions where young 
protoplasm is being formed there is preponderance of 
Glutamic acid and Aspartic acid. The fewer types of 
amino acids leads one to conclude that the metabolic 
activities of the proteins are canalised in definite channels 
according to the protoplasmic structure of each group of 
plants. ! 

It has been shown by Baly that when in an aquous 
solution of potassium nitrite or potassium nitrate, 
carbon dioxide is bubbled in the presence of ultraviolet ' 
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light, then an amino add called glycme o£ the formula 
CHaNHaCOOH is produced. From the condensation 
of glycine higher proteins can be formed. 

W ithin the plant proteins are formed in the leaves 
in light, though they have been shown to be formed in 
daikness also. As the formation of the proteins from 
iiiti ites, or nitrates involves the fixing of energy^ this 
has got to be supplied and the energy relieved from 
the breakdown of the carbohydrates in respiration is 
believed to be used in protein synthesis. In fact it has 
been shotrn that when leaves are floated on sugar 
solution and a solution of potassium nitrate and kept 
in the dark then also sufficient quantity of proteins are 
synthesised. 
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Practical Ixperiments 

1. Examine the root nodules in Lathyrus. Make 
a di awing of the same. Bacteria are always present in 
the soil and infect the roots of leguminous plants 
through the root-hairs. In the root-ham they multiply 


Mm 


72 


i>LANT PHYSIOLOGY 




and make their way into the cortical tissue and stimu- 
late it to active growth to form the tubercles. The 
tubercles are very rich in nitrogenous substances and 
seem to develop in soils poor in nitrogen compounds. 

2. TJf^e one of the nodules and examine the 
small bacteria under the microscope. 

3. Examine the total parasite Cuscuta (Akashbel) 
on the host. The flowers of this plant are quite normal 
but not the vegetative growth. The seedling sends a 
short root into the ground while its shoot elongates 
rapidly and nutates vigorously. When it meets a suit- 
able host, it claps round it and sends out haustoria 
which eat their way through to the vascular bundles of 
the host plant where the xylem and phloem of the 
parasite fuse with the corresponding tissues of the host 
plant; and thus it obtains its supplies of organic 
food as well as of water and salts dissolved therein. 
Meanwhile the root of the parasite dies off and the 
plant becomes independent of the soil. The plant 
possesses no leaves other than small scales. The stem 
is not green. 

Cut T.S. of Cuscuta through its attachment to the 
hosT- Stain, examine and sketch. 

'■* 4. Boussingault’s experiment to demonstrate that 
free nitrogen of the atmosphere is not directly assimilat- 
ed by a green plant.— Yhe apparatus used in this experi- 
ment is shown in Fig. 17.— It consists of a trough A. 
Inside this trough is inverted a bell-jar B, rvhich is rais- 
ed from the floor of the trough A, by being rested on 
; corks at various places. Inside the bell-jar is anothet 
, trough, much smaller in size, and a flower-pot is kept in 
this trough. The trough A is filled with diluted suh 
phuric acid, and the smaller trough with water. 

. ; Previously the tot^ nitfogen of the seeds of some 
ndU'ieguminous plant is estimated. A little of the ash 
• formed during thqAfbpye cJi^tnical analysis is added tp 

. .j. s 1 '■ Sti.-. i t ; : , • ' ■''' 




previously ster..- 

4r 

This soil is put lu a pot^^ 

non-legurainous pla 

is kept under the bell-jar a, 
tubes pass inside, one is co 

(smaller) to pour m wter w 

other carbon dioxide is 
bell-jar. . 

The dilute sulphuric ac 
ammonia, if any, in the atfflC 
surrounded by hot nitrog 
some growth the plant is 
nitrogin in the ash is estiin 
is no increase in the amo . 
amount already present in < 
— t- nitrnsren IS not assi 


PLANTS 


insectivorous 

fact that animals eat and plants is 

knowledge. But the reverse of pb 

animals and actually dlgestmg them i la^ 
less such plants are found m 
, upon only small insects. Stones abom bag 
i„d in African jungles that catA M 
d animals are pure myth; such plants 

nns«llvorou, plants are 

,er artificial families. Then o-f 

,r eUes aartr.^,lt^nn has proceedccl on sevv-ta 


74 


PHYSIOLOG 

*ve families are as foiW,, 


- W vv o * 

0) -Droseraceae-to thic K 7 

“d the Southent 

af «'kd *e Venu" -»«- 

(2) Nepe„,haceae-,ria *e . ”P' 

,h„. *e smgle genus Nep„. 

(3) Sarraceniaceae— be]o7io-; 

J^b-tvopici America 
^^P^^^Jotaceae— with thp- • ' 

/«"■' Mi«*m growing® V*"”” 

(«) Lentibuia„aceae_m thif 'k 

WnVufena and ftv ?* *' “ffl- 
The fire/- f r ^ ^^'^gnicula. 

aTI!:: ''' 

and ahs„ehed"^>'““ *e p/antslt^g^d 

The leaves of all hta • * 

cMotUphyli. Sotha.4“f“™«- contain 

Wha, °°‘’a“«""als life “> “anufecture their 

iTc t“ 7'" "«essi„ Of t: plants. 

certamly cannot be for f “*“'™ro« habit^ 

sXfthtT “r 

“afcts, 'hey grorZe healaT"'"'’' “PPl'^d^S 

fruits and seeds T/- • and produr^ 

■•; , . . ' V' ■ '■ 


PROBLEMS OF NUTRITION ' 75 

As a rule these plants grow in bo^y places and 
have very poorly developed root system. 

f ■ ' 

L Drosceraceae.— In this family there are five 
genera and about a hundred species but ninety of them 
belong to the genus Drosera. In popular language they 
are called sundews. Found chiefly in Australia, the 

family is as a rule cosmopolitan. In India, they have 
been found plentiful in the Chittagong District and also 
in some parts of Madras Presidency. 

These are small plants of wet peaty moors. Their 
leaves form a rosette from which arise flowering stems 
bearing cymes of white flowers. The leaves having a 
reddish hue, give the appearance from a distance, of a 
scarlet felt against the green background. Roots are 
poorly developed. The leaves are stalked and the leaf 
blades are beset with numerous tentacles. 



Fig. 21.— Diagram of a leaf of Drosera. Tentacles of a part 
of the leaf shown bending to entangle insects. 

The stalk of the tentacle is traversed by trachcids 
tvhich end in the club-like head of the stalk in a massive 
formation. The tracheid head is surrounded by thfee 
layers of cells. The outer being secretory is filled wth 
a red sap while the inner is the bundle sheath. The 
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marginal tentacles are longer than the central ones 
These tentacles are situated only on the upper surface 
of the leaves. The globoid heads of the tentacles are 
covei'ed up by a sticky substance secreted by them. 
When the insect touches the tentacles, it sticks on the 
sticky spherical head. The glands now get active, and 
begin to pour out copiously a sticky fluid. At the same 
time the marginal tentacles get affected and they bend 
towards the centre. Thus the insect gets covered over 
both by the tentacles and their copious secretions. 

The secretion contains the enzyme pepsin and an 
acid. The pepsin acts on proteins of the insect and 
converts them into peptones. The process of digestion 
takes several days. When completed the tentacles re- 
sume their original position. 

2. Nepenthaceae.—liO this family belongs the 
single Genus Nepenthes, with about fifty species. It is 
found abundantly in Malaya Archipelago. These are 
small shrubs, epipytes or climbers. Some may attain 
a length of ninety feet. It is also known as the pitcher 
plant. The pitcher is a portion of a leaf blade. The 
broad sheathing blade first runs into a tendril. After 
making a round through some support, it bends ver- 
tically down and then curves up terminating in the 
characteristic pitcher. The pitchers often have brilliant 
colours, e.g., red and purple. They thus are modified 
parts of the leaf tips. Not all leaves form pitchers. 

The edge of the pitcher has a rounded ribbed rim 
of vascular bundles ‘ which keeps the circular edge 
taut. Thus the mouth of the pitcher is always open. 
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The structure inside the pitcher, can be divided 
into two portions, viz., (1) the upper waxy portion 
and (2) the lower glandular portion. 



Fig. 2Z . — A pitcher of Nepenthes. 


The upper cells in the neck are smooth cells,, 
forming papillae. These are covered with slippery wax 
scales which are modified abortive guard cells and 
project downwards. The lower glandular portion is 
multicellular and are half sunk in epidermal cavities 
and secrete a watery fluid which is found in the 
pitcher. 

Glands are also found on the under side of the 
lid as also on the rim. These secrete nectar which 
attracts tlie insects. 

Knoll demonstrating the slippery nature of the 
upper zone used wingless ants, which possess curved 
clatvs with which tirey walk on rough surfaces, and 
adltesive cushions with which they can climb on per- 
fectly smooth glass plates. Both these were found 
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to be useless to the ant because the smooth downwards 
projecting papillae gave no hold while the adhesive 
cushions though they gave a grip to the waxy scales 
wei'e found to be useless as the scales themselves slide 
■down due to the weight of the insect. 

The liquid in the pitcher, before any insect reaches, 
is neutral in reaction and contains no digestive 
enzymes. But the introduction of an insect produces 
lot of internal secretions containing formic acid and 
proteolytic enzymes. The liquid is antiseptic because 
• of the acidity; thus there is no growth of bacteria. 

3. Sarraceniaceae— The. plants of this family are 
natives of tropical and sub-tropical America. There 
.are 3 genera and about 10 species. 



In this, unlike the previous family, the whole of 
the leaf is transformed into a pitcher. The leaves grow 
direct from the soil and ai'e arranged in rosettes. Only 
the maturer ones, however, form the pitchers. 

The outer side of the rim is prolonged into an 
arched lid which partially protects the mouth. About 
the rim lot of nectar is secreted. Just below the rim 
is the slippery zone. Here the smooth cuticular epi- 
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dermal cells have their lower edges projecting over the 
cells next below. This gives the appearance of a tiled 
roof. The zone below this bears long bristles pointing 
downwards. Nectar glands occur here and there. 

The insect attracted by the bright colour alights 
on the rim and crawls around the margin to get 
the nectar just inside it. In doing so it slips and 
quickly disappears inside the pitcher never to come out 
again. 

4. Cephalotaceae.— Th.is pitcher plant of western 
Australia is little investigated. It is represented by a 
single species Cephalotus follicularis. 

The leaves are in rosette and arranged in two 
tiers. The upper is normal and flat while the lower 
forms pitchers. The pitchers are short and flat and 
have the usual ribbed rim. There is a double wing 
running down the entire length of the pitcher while 
single wing-like projections run down each side of the 
pitcher. The mouth is covered by an arched lid. 
Within the pitcher slippery zones as also glands can 
be found. 

5. Lentibulariaceae— This belongs to the gi'eat 
group S)'mpetalae. There are 5 genera and 300 species 
in this family. The type Utrmdaria—coimnonly called 
the bladder-wort— is found mostly, in the tropical 
regions, in water. There are also certain land forms. 

Except the flowering axis which is above the level 
of the water, the rest of the plant is submerged. 
Vegetative part consists of a much divided shoot bearing 
a number of much divhled leaves. Many of the ulti- 
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mate segments of these are replaced by bladders. Roots 
are entirely absent. • 

The bladder is a small oval structure about one- 
tenth of an inch long and is attached by a stalk to the 



Fig, 24. — ^Utricularia, leaves with bladders. 

leaf, d At the pointed end of the bladder there is an 
opening which is generally closed by a valve-like lid 
joined to the margin above. The free lower end fits 
firmly on the thickened rim of the opening. From the 
outer surface of this valve arise a few long branched 
hairs. Also on the surface of the bladder, frequently 
hair-like appendages are borne. 

The Mechanism of the Opening of the Bladder.— 
According to Darwin and other earlier workers this 
analogous mouse trap has a passive check valve easily 
pushed inwards, and not outwards. The prey once 
caught cannot come out. According to the present day 
ideas of the Utricularia trap, the mechanism, as depict- 
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ed in a very interesting way by Heath Robinson, is 
active and complex including:— 

(i) Mechanical devices as if involving the use of 
hinges, pulleys, etc. As a result of these the door is 
opened and the entrance of the pi'ey is ensured. 

(ii) Electric devices, which may be likened to the 
use of a motor which is set in action after the prey has 
entered in and acts upon various springs etc., causing 
ultimately the door to close. 

Recently Czaja has shown that the bladder walls are 
impermeable to water. On the inner walls are situated 
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Fig. 25.— fA bladder of Vtrfeiilairia iu longitudinal section. 


numerous hairs and these withdraw water from inside 
the bladder causing partial vacuum. The two side walls 
are thus pulled in and may show dimples on the two 
shies. Hence a considerable tension is set up. If now 
an insect touches one of the hairs on the outside, the 
valve is slightly opened and the water with the insect 
rushes in. The valve now doses making the escape 
of the insect impossible. Thus a pricked bladder will 
not function. t :’, 

No digestive enzyme has yet been found in/Ufrh ' 
cularia. Probably the enclosed insects when they 'die;. 

F. 0 ' . ; 
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are disintegrated by bacterial action after wh' l 
get absorbed by the plant. ' 


Practical Experiments 
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door or valve, which is easily opened by a push from 
the outside, so that small animals (insects, water-mites, 
water-fleas etc.) cannot escape once they hat^e entered 
the bladder. \Vhen these animals die, their soft parts 
decay and are absorbed by branched hairs which occur 
on the inner surface of the bladder. 

5. Nepenthes.— Thh is known as a pitcher plant. 
A part of the leaf is developed as a pitcher with a 
lid attached to one side of the opening. The bottom 
of the pitcher contains water, and a digestive fluid. 
When any insect falls in tire fluid, it is first drowned 
and then digested. 

6. Sarracenia.—lt is another pitcher plant found 
exclusively in America. In this plant there is no 
ferment^ The bodies of the insects are decomposed 
by the action of bacteria and the soluble products 
absorbed. 

SYNTHESIS OF FATS 

That fats occur in most green leaves during some 
stage of their life history is now a well established fact. 
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The fats are often known as oils when present in the 
liquid state. An examination of an ether extract of 
the leaf tissue of cabbage shows abundance of fat. 
Leaves of Eugenia jambolana when young have no oil 
in them, but towards senescence an abundance of oil 
globules are visible in the spongy parenchyma. 

In the case of Spirogyra also no oil is found in the 
vegetative period of their life but abundance of oil is 
visible at the time of conjugation. Light is essential 
for the formation of oil at this stage. 

Although the oils are quite different chemically 
from the carbohydrates; there is an intimate and signi- 
ficant physiological relationship between these com- 
pounds in the plant. In Spirogyra it is found that at 
the sexual stage, in light, the carbohydrates get convert- 
ed to oils and the reverse process takes place in dark- 
ness. The scheme of reactions is as follows:— 


Sug«r 


hipace in tight 


Lipase in dark 


Fat and oxygfin 


Leclerc due Sablon (1896) while studying the 
development of the kernels of walnut and almond 
found that as the sugar content of the developing 
kernels diminished, the amount of oils correspondingly 
increased, and when the oil content had reached its 
maximum, glucose had completely disappeared. 

Garner, Allard and Foubert (1914), found a very 
$harp increase in the percentage of oil in the soyabean 
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Clycerc^ 


Fati ami 
water 


during the first few weeks after blooming and a slow 
gain until near the end of the ripening period. 

As -(vas mentioned in a previous page, fats are con- 
densation products of glycerol and fatty acids. It is 
assumed that at some stage of synthesis of fats, glycerol 
and fatty acids must be formed; the former either as a 
cleavage product of carbohydrates or during the early 
stages of glucose formation and the latter, i.e., fatty 
acids through some simpler compounds such as acetal- 
dehydes, the condensation of the two giving the fat. 

The fats arc of higher energy content than the 
carbohydrates and, therefore, in the formation of fats 
from carbohydrates, a great quantity of energy is bound 
up. 

The synthesis of fats and their formation from 
carbohydrates can be shown as follows: 


CarbollfcIratesA 

y' \ ^ 

Simple pWtosynlibetic --^Transitory 

product# ■ iriterroediate xX , 

products ^ Fatly acids 


Outside the living cell, however, the transformation 
of carbohydrates into fats or vice versa has been accom- 
plished only to a slight degree. 

Dunlop and Gilbert (1911) mixed glycerol, oleic 
acid and oilfree castor bean powder and after some 
days obtained evidence of the synthesis of oil. Thus 
they shoAved that the synthetic reactions are catalysed 


by the plant enzymes and are not the function of the 


protoplasm itself. 
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CHAPTER V 

RESPIRATION AND FERMENTATION 
Respiration as an Oxidative Process 

The essence of life is change which means every 
living cell is undergoing a change, however small, every 
moment. Each cell of a resting seed is every moment 
undergoing a change, but it is so small that it is well 
nigh impossible to detect it. On the other hand, inside 
an active nieristemalic cell violent changes may be go- 
ing on. To bring about any change of state energy 
is needed, for without energy inertia will set in. Thus 
only in a dead cell where the internal changes have 
ceased, no energy is utilized. 

All oxidation processes being exothermal give out 
energy. One must remember, however, that oxidation 
and reduction may not occur simultaneously at a parti- 
cular spot: oxidation may be taking place at one time 
and one place in a cell tvhile reduction mfty be going 
on at another time and place. 

Respiration is one great group of oxidative pro- 
cesses, and fermentation is another specialised group 
of oxidative processes. Both respiration arid fermenta- 
tion are oxidative processes that serve metabolism. 

Respiration may be defined as an oxidative process 
that goes on in every living cell whereby energy is re- 
leased. The reason why respiration is normally consi- 
dered as an oxidative process is because the final pro- 
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ducts (carbon dioxide and water) are the same as are 
derived by the combustion of organic substances in air. 
The most striking thing about respiration is that the 
oxidation process takes place at ordinary room tempera- 
tures while the oxidation processes outside a living cell 
require very high temperatures. 

Sources of Energy 

The organic substances produced by plants are 
the chief sources of energy. As has been discussed in 
detail in the previous chapter, the food manufactured 
by the plant contains the potential form of the radiant 
energy trapped by the green leaves. On oxidation this 
energy is liberated and assumes the foi'm of kinetic 
energy which can then be utilized for work by the 
organism. One can compare the plant to a factory, 
where coal is necessary to work the engines. The coal 
is nothing else but a portion of a plant of a bygon§ age, 
which had trapped the solar energy in its day. It 
then, somehow, got buried underneath the earth’s 
surface and got carbonised. This coal with its poten- 
tial energy stored within it is oxidized to give out the 
kinetic energy to run the engines of a factory. The 
difference b’etween a factory and a plant, however, is 
that in the former the potential energy has to be sup- 
plied to it, ivhile the latter traps it itself. 

De Saussure was the first to say that as in animals, 
respiration goes on in plants as well. But later on it 
was doubted; because in light, due to the reverse pro- 
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cess of photosynthesis, respiration was masked. Sachs 
cleaied up the mystery saying that both the processes 
go on independently in light. He also showed that in 
darkness, due to ^he combustion of the food materials, 
plants lost weight. 

In typical cases of respiration oxygen is absorbed 
and carbon dioxide and water are liberated. The 
following simple formula may serve to explain the 
reaction. 

CgHisOe + 6O2 — » ( 5 C 02 + 6H2O + Energy 

In such cases the Tespitatoty coefficient, also known as 
respiratory quotient, which is the ratio of carbon di- 
oxide to oxygen j is unity. This is generally 

written as R.Q. 

^ Types of Respiration 

In all cases normal respiration does not take place 
and thus the respiratory coefficient is either more or 
less than unity. The following are some of the various 
types of respiratory oxidations in plants. 

1 . Aerobic respiration: 

A. Carbohydrates (complete oxidation) 

CeHi aOe-h tiOs^ — >6C02-f OHsO-f 674 

kg. cal. (Energy) 

B. Fats (complete oxidation):— 

CsjHioiOe -I- 8OO2 57C08 -k o'iHaO + 8,064 

kg. cal. 


■>0 H O 1 in Crassnlacea.; - 

•““0* “‘-*30. H.O.+ 3H.O + 386 k,. 

, . . malic acid 

:^v Anaerobic respiration; ' ' 

Aeiobic after anaerobiosis: 

> 4 C 0 ,+ 6 H 20 + 653 kg. cal, 
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mercur}-. The one '" "^Pamte troughs 

I(.Q. i .” "'■ich^ wheat is kept 
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respiratoiT quotient is unity. While the o,l. 
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-iions, ' Prbfy 

^ ^ ^ ^action IS anaerobic ; 


RESPIRATION AND FERMENTATION * 91 

later on in the presence of oxygen the intermediate 
substances are completely oxidised to carbon dioxide 
and water. 

' As oxygen is required for aerobic respiration this 
gas has to enter into the leaves. Similarly the exhaled 
carbon dioxide has to pass out. Having once entered 
a particular tissue the gas has to reach quickly the 
myriads of cells composing tire tissue. The intercellu- 
lar spaces in plant tissues provide for the quick diffusion 
of gases within, while the stomata serve the purpose of 
the gate for gases within to communicate with the 
exterior. Stems are thick structures, so the gaseous 
diffusion is difficult. But in stems the activity of the 
cells as compared to the leaf is at a minimum. Here 
only the cambium is active and so the less efficient 
channels for gaseous diffusion than what is met with in 
leaves are sufficient. The intercellular spaces, connect 
with lenticels. There is always a well developed sys- 
tem of air spaces in the medullary ra'ys by which oxygen 
diffuses to the cambium. 

Roots also require aeration. If soil gets water- 
logged the oxygen supply is cut down and the roots 
naturally are killed. Every water plant has a well 



Fig. 28 . — Cross sec. of MyrloRliyliiiii stem showing air spac^* 
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developed system of air spaces with a complete system 
of tubular channels. In plants, growing normally in 


fcnticels 


Ground 

level 


Fig. 29. — ^Diagram showing lenticels in aerial roots, 


water-logged soil, aerial roots are developed which come 
above the surface of water. At the surface of such 
exposed roots lenticels are found through which gaseous 
difEusion can easily take place. 


Stages in Respiration 

As has been mentioned previously respiration is a 
vital phenomenon and so it is intimately connected with 
the condition of protoplasm, which is the physical basis 
of life. Thus, following the three stages of the 
protoplasmic condition, there are the three stages 
in respiration. These stages are as follows:— 

1. Embryonic stage.— In early embryonic stage the 
respiration is low, as the very young protoplasm has 
not yet reached the high metabolic peak. But the 
respiration rapidly increases towards the late embryonic 
stage which is the stage of the plant’s greatest activity. 

2. Mature stage.— Here the respiration has prac- 
tically reached the peak and the respiration rate steadily 
declines off with the age of the protoplasm. These 
two phases are graphically shown in figure 30. 




Ag-e 

Fig. SO.— -Graph illustrating respiration in embryonic and 
mature stages. 


1 The senescent stage— We now come to the 
senescent phase, which may be divided into early 
late senescent phases. In the early senescent phase 
respiration slowly rises to a peak. When the late sene 


Green Green-Yellow Yelfow 

Fig. 31.— Graph illustrating respiration of apples ' as the fruits 
ripen and'' change colour from green to yellow, showing 
senescent rise and fall. 


scence sets in, the respiration rate commences 
climb down rather more rapidly. The 
man and Parija on the apples shown 
figure 31 gives an idea of the respiratory 
ripening apple. 
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Respiration of a Starving Leaf 

. if; 

Blackman working with leaves- of cherry laurel 
showed that when they are detached from the parent^ 
plant and allowed to respire in darkness the respiration 
rate which is high at the commencement starts climbing 
down rapidly with time. In a few days the respiration 
rate comes down to about a quarter of the initial res- 
piration. But once having reached this level, instead 
of going still further down, it maintains this level for 


Fig. 32. — ^Graph representing respiration of detached leaves. 


quite a number of days. The first phase of the respira- 
tion which ends at the point where the fall ceases is 
called the floating respiration by Blackman, and the 
low horizontal phase the protoplasmic respiration. 
See figure 32. 

The exact cause of this fall in the respiration rate 
is yet a mystery. For it has been shown that even 
after a %hole week in darkness the leaves show abund- 
ance of carbohydrates, though the percentage of the 
lower carbohydrates decrease. Ranjan has, however, 
shown that absence of light does cause a fall in the - 
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respiration rate and when light is shown to the leaves 
at the protoplasmic level the respiration rate increases. 

Conditioning Factors 

As in photosynthesis respiration too is governed 
by external and internal factors. Amongst the fore- 
most of these are (a) oxygen and (b) temperature, 
serving as external factors and (c) food supply and 
(d) enzymes, as the internal factors. 

Oxygen. 

Respiration being a slow oxidation process it is 
not surprising to find that the rate depends upon oxygen 
supply. It rises with high concentration of oxygen and 
drops gradually with diminishing partial pressures of 
this gas. When the supply of oxygen is cut down below 
a certain limit then partial anaerobic condition sets in. 

Temperature. 

Respiration being a physico-chemical phenomena 
it must obey the physico-chemical laws. 

Formerly, however, it was thought that there was 
a certain minimum temperature below which respira- 
tion could not take place. Similarly, there was a maxi- 
mum beyond •which the cells were scorched and killed, 
while there was an optimum temperature at which . the 
respiration rate kept the highest. 

It has now been proved that Vant Hoff’s Law of 
QIO holds good for respiration also. This simply 



a rise m temperature the 
tton rate is doubled. This, however, holds v 
ow temperatures for at higher temperatures 
the bieakdoTO in the plant machinery, Vani 
t-aw cannot be directly proved 

Food Supply. 

Continuance of respiration must ultimately 
upon a steady rate of food supply. It is c 
that substances must be oxidised in resp 
Palladm has shown that in normal cases carboh 
are the substances that are oxidiVH Th 
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of carbon atoms as are found in glucose. These 
intermediate substances then finally get oxidised. 


( 1) Pd + HaO— >PdH a + O 

(2) PdHa + Os ^Pd+PlaOa 

(3) HaOa >HaO + 0 


Starch 


Hydrolysis 

Glycolysis 


Sugar 

'4 


Oxidation 


Intermediate substances with half 
the number of carbon atoms of 


CO2+H2O 


As to how exactly the actual oxidation takes place 
in a plant is still obscure, but. biochemical researches 
have thrown considerable light on this aspect of plant 
physiology. 

Oxygen of the atmosphere undoubtedly plays an 
important part in aerobic I'espiration. It is well known 
that its activity differs according to its state. In mole- 
cular state it is not so active and it is in this state that 
it is present in the atmosphere. And in a dry state 
also it is very little active. The oxygen of water can 
be very active. So that if hydrogen from water is 
removed then atomic oxygen will be liberated and this 
is very active. 

Palladium is one of the substances that can remove 
hydrogen from water and get itself reduced, 
reaction is as follows:— 


*1 
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Since the release of the free atomic oxygen in 
equation (1) involves the combination of hydrogen with 
some substance in the plant— in this case it is palladium 
—this process is called oxido reduction. Because simul- • 
taneously oxygen will oxidise the intermediate subs- 
tances as given in the scheme above to carbon dioxide ’ 
and water and on the other hand the hydrogen of water I 
thus liberated will reduce a chemical substance within 
the plant with which it unites. Palladin has shown * 
that there are respiratory pigments in plants which act 
like the palladium in the above equation. 

Anaerobic Respiration 

Unlike animals plants can live for a considerable 
period in the total absence of oxygen. Parija has shown 
that some apples can live for days together in the total 
absence of oxygen. At first it was thought that when 
plants respired in the absence of oxygen this gas was 
somehow or other supplied by the breakdown of the 
protoplasm. Hence the respiration in the absence of 
oxygen was called intra-molecular respiration. It has y, 
since been proved that in this type of respiration no 
oxygen is at all required, and that the process is very 
nearly akin to alcoholic fermentation. The name, 
therefore, of this type of respiration is changed to 
anaerobic respiration. 

Alcoholic Fermentation 

The origin of alcoholic fermentation is shrouded 
in the misty past. It has been known to mankind since 
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time immemorial. One finds it mentioned in the 
Vedas and the date of the Vedas may be anywhere 
between 3000 — 5000 B.C. 

Our scientific knowledge of the process really starts 
from the date of the classical researches of Pasteur (1860) 
who succeeded in ascertaining correctly the biological 
nature of this process and in proving that fermenta- 
tion is brought about by the activities of the yeast. 

Yeasts belong to the genus Saccharomyces. These 
are single-celled organisms which rapidly multiply by 
budding. Unlike ordinary plant cells yeasts do not 
have a number of vacuoles in their cytoplasm, but 
contain a large vacuole in the nucleus itself More- 
over, the cell-wall of yeast is composed of chitin, a 
substance peculiar to animals. In common with the 
rest of the fungi yeasts do not contain any chlorophyll 
and thus have to depend upon other sources of food 
supply. Yeasts are found growing naturally upon the 
surface of grapes. If grapes are bruised the sugary 
juice inside is at once attacked by yeasts and alcoholic 
fermentation sets in which can be expressed by the 
following simple equation. 

0aHisO6~*’2COa-)-2C2H»OH-l- 21 Kg- Cal- 

It was Buchner who conclusively proved that 
fermentation may take place apart from the vital acti- 
vities of the yeast cells. He ground up yeast with sand 
and then subjected it to a pressure of 300 to 400 
atmospheres. The transparent juice which he thus 
obtained caused sugar to ferment. The enzyme of this 
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juice is called zymase. Recent studies have, however, 
shown that it is not a single enzyme, but a complex of 
several enzymes, which shows thereby that fermentation 
is not a simple process as depicted by the chemical 
equation given above. Moreover the products of fer- 
mentation have been found to be not only carbon 
dioxide and alcohol, but also appreciable quantities of 
fusel oil, glycerol and succinic acid. 

Curiously enough the enzymes of the yeast are 
capable of attacking only certain types of sugars, such 
as d-glucose, d-fructose, d-mannose and d-galactose and 
these are also the sugars that are oxidised in respira- 
tion. The sugars of the 1-series are not acted upon by 
plants. 

In the presence of oxygen alcoholic fermentation 
decreases, though it never stops altogether. The 
reasons why all the alcohol is not oxidised in the pre- 
sence of oxygen are twofold. 

(1) Presence of poor oxidising enzymes in yeast. 

(2) The rapid diffusion of alcohol out of the . 
cells. 

In a concentration of over sixteen per cent, of alcohol 
yeasts get killed. 

Researches of Harden and Young and others have 
shown that fermentation takes place in a number of 
complex reactions employing inorganic phosphates as 
coenzymes. They conclude that the fermentation takes 
place in two stages. In the first phase a hexosediphos- 
phate is formed. The second reaction consists of 
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hydrolysis by water of the hexosediphosphate to phos- 
phate and hexose. The problem of hexosephosphatic 
esters in alcohol fermentation is, however, a complex 
one. Neuberg and his collaborates postulated the 
intermediate formation of methyl glyoxal. The oxida- 
tion and reduction of this substance was assumed to be 
brought about by a series of Cannizzaro reactions of 
the various aldehydes produced as intermediate 
products. 

Boyland suggests the following sequence of re- 
actions:— 

(1) SCelli 306-!-2E2HP04=2 C,Hi 1O5 (PO4II2) 

+ 2CH3CO. CHO+ 4 H 2 O. 

Methyl Glyo.xal. 

( 2 ) 2 C 8 Hi, 05 (P 04 R 2 ) -h C6H12O6+2R2HPO4 

= 2C6H, o04(POiR2)2 + 2CH3COCHO+4H2O. 

Hexosedi phosphate 

Phosphate involved in the above reactions and also 
a part of the hexose is liberated back in the following 
way. 

(3) 2CsHi 0 O 4 (P04E2)2 + 2H20=2R2HP04+C6Hi 2 O, 

Part of the Methyl glyoxal formed in (1) and (2) 

undergoes simultaneous oxidation and reduction (first 
Cannizzaro reaction) producing glycerol and pyruvic 
acid. 

(4) CH3COCHO-l-H2 + H2O=CH2OH.rjHOH.CH20H 

CHaCOCHO II Glycerol. 

O 

-hCHsCO. COOH. 

Pyruvic acid. ^ 
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Pyruvic acid thus formed is acted upon by the 
enzyme carboxylase and split into acetaldehyde and 
carbon dioxide. 

(5) CH3C0C00H=CH3CH0 + C02 

Methyl glyoxal and aceteldehyde now undergo a 
second Cannizzaro reaction under the influence of 
water to produce alcohol and more pyruvic acid. 

(6) CHsC0CH0+CH3CH0 + H20 = CH3C0C00H 

+ CzHsOH, 

Fate of this pyruvic acid also is the same as given 
in reaction (5). 

Thus the sequence of reactions continues, the main 
features being— 

(i) no permanent loss or change of phosphate, 

(ii) production of alcohol and carbondioxide, 

and 

(iii) production of minute quantities of glycerol, 

pyruvic acid, acetaldehyde, etc. (ii) and 
(iii) taking place at the expense of hexose. 

The above scheme has the virtue of combining 
the ideas of Harden and Young with those of Neuberg. 

The poor oxidase system, the utility of the phos- 
phate and the end products of alcoholic fermentation 
all point out that though there fe^ ia close similarity 
between anaerobic respiration and fermentation yet 
they are not identical. The table given below gives a 
comparative chart of the three types of oxidations. 


Aerobic 


Anaerobic 


Alcoholic fermenta- 
tion 



' r ■ 

Compies^ carbohydrates 

Complex 

carbohydrates 

Glucose Of fructose 

Glucose,. 

i ; 

! Glucose ' 

1 

i 

1 

3-carbon atom com- 
pounds 

i 

3-carbon atom com- 
pounds 

3-carbon 

1 

compounds 

Complex intermediate 
reactions 

C 0 „+H ,0 

C,H,OH 

some 

tances 

-{“ CO 5. -f* 
other subs- 

i 

CO... -f- alcohol __ + 

glycerol + succinic 
acid 

1 ■ 


Bacterial Fermentations 


The diverse activities of plants have brought out 
forcibly the fact that though the various chemical 
elements remain constant the compounds are for ever 
changing and in a state of circulation. Bacteria also 
play a very important part in keeping the matter in 
circulation. 

The lactic acid fermentation is caused by Bacillus 
lactici acidi, which attacks the milk sugar (lactose) to 
produce lactic acid. Thus by the break down of a 
compound of higher energy content to a lower one 
energy is liberated which is utilized for the service of 
the organism. 

Cl 2H2 aOn+H^O— ^dCsHeOa 

Similarly in the complete absence of oxygen 
Clostridium butyricum causes glucose to ferment into 
butyric acid; 

: , . OeBi^Oe— >2H2+2COa+C4H80, 
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while when lactic acid is fermented ive again get butyric 
acid. 

2CsH603 >-2H3+2G02+C4H802 

The rancid smell in the butter, when it is kept for 
a number of days, is due to the activity of this 
bacterium. 

"'T 

Bacterial Respiration 

In response to oxygen bacteria do not react the 
same way as the higher plants, otherwise the formation 
of the various chemical compounds in nature will not 
be possible. 

The acetic acid bacteria {Mycoderme acidi) 
oxidises the alcohol to form acetic acid. We owe all 
our vinegar to the activity of this bacterium. 

CHaCHaOH + Oa — ^CHaGOOH + HaO 


Similarly the sorbose bacteria attack sorbite— an 
alcohol— to yield sorbose according to the folloivdng 
equation. 

■2CsHi406+Oa— »2CeHi a06 + 2HaO 

Sorbite Sorbose 


^ Practical Experiments 

■^Exchange of Gases. 

1. Experiment to show the production, of CO^ w 
the normal respiration of a plant.— The apparatus is 
fitted as demonstrated in the experiment. A green 
potted plant is placed over a glass plate and inside a: bell 
jar which is made air tight by smearing vaseline. The 
bell jar is covered with a black cloth, i The U tube is 
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filled ivith soda lime. The other two bottles on either 
i ! of the bell jar contain barium hydroxide.#olatxon. , 
it U sSed in through the apparatus by an asptiator. 
The air after passing through the soda lime is made lite 
trf rO which becomes clear by the fact that barium 
m.Wdr£ the bottle just after die U tube does not 
turn turbid The barium hydroxide in the bottle on 
he other side of the bell jar turns turbid showing that 
CO . has been given out by the plant during respiration. 




^ 2 , feperimen, 

™a,rdC™ts and°.he same results are obtained. 

' ./ ...—In la * 


S' ffled wTth 

germmatmg ^ . Tjj<^uced into the bottle. 

Strong KOH “ . attached a glass tube 

a side opemng o the tohle 

whose end dips m a beaiter cout ^ 

die CX)., produced by into the 

KQH, the mercury m the beaker is sucicea up 

,^Ohnecting glass tube. 
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ill 


in of oxygen 

cient RQ. (CO /n \ ZT respiratory coeffi- 
shown in figure 34.'%^ gfals \ ^ 

ne glass dish inside the bell-jar 


^Thermostat 


Soatcedl jj : 



Fig. 34. Diagram of apparatus to invi 


ate R.Q. 


^ contains Strong KOH soliitmn t-u ^B# . ' 

m which the apparatus is out cnn7^^ 
r ' temperature cStant r»? • watei‘ ^ keep the 

minuting , seeds respiration • of the V! 

out- Tbr 1 ^ ^ absorbed and cOg i&jdsiea *1 

Sytbe rise of the level^JSer?^” | 

KOH solution we cln kLT?h7^‘ weighing, tfie ^ 

ed. from,hesed™£To 

means of the Z^konietlr coefficient by: 

seeds are placed in the germinating wheat 

3^)- As 4 R.0 is 

^.fe level of mercu^ ^ ca^ there. ifjttb rise ' 

normal aefobi?^T4,£fi^^^ 





Fig. 35.— -A respirometer. 


Production of CO^ in anaerobic respirauon.- 
A few eerminatinff seeds are introduced in an invertea 
mie completely filled with mercury. , ^ 

iWa of the mercury is pushed down by ^atsium 
fed during anaerobic respiration. 

hvdroxide solution is introduced into the tube mtouglt 

Se lower end, the CO, is abso,bed and mercury agam 

fills tfie entire tube. , * » 

>{^ 1 Experiment to compare aerobic and amerobic 
TP^biration -Two flasks are taken and some germinating 
S £e placed in each. InsWe one tok a test-tube 
Wirairt nvroffallic acid is introduced an 
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with red alkaline phenolphthalein 
ibes passing through the co?k dips in 
er a time it is seen that the phenSU 

the of the CO^ 

the pyrogallic acid will deprive th'e 
SS of c"o ™ -n ""a' 

t to show the production of CO i. 

.V which IS evolved durin? 
the baryta water, kept in anothS 
the former by a tube, milkv. 
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(b) Fatty £ eed£^Th.e mercury^rises. Showing 

more is taken in and less CO^ is 
evolved, i.e., R.Q. is less than unity. 

(c) Cactus— Great rise in mercury. Showing 

that Og is taken in but no COj is given 
out. During oxidation acids are formed. 

4. Cut T. S. of a leaf and a stem and study the 
intercellular spaces in leaf and in the medullary rays of 
the stem. Note the efficient system of gaseous inter- 
cliangc in both the stem and the leaf. 

5. Study the aeration system in the aerial root of 
Kandclia (mangrove). Note the lenticels and the air- 
spaces, tvhich are connected with them. I’he cortex is 
quite thick. 

• Factors Affecting Respir.vtion. 

1. Effect of temperature on respiration.— In a glass 
chamber germinating seeds are put. Air freetl from 
COg is drawn througlr it into a bottle containing baryta 
water. After a certain time the turbidity of baryta is 
noted. The chamber is placed in a beaker containing 
warm w'ater and the turbid baryta is replaced by an 
equal quantity of fresh baryta. The turbidity produc- 
ed now is found to be much greater than before, show- 
ing mi inci'ease in respiration. 

2. Effect of Og" on respiration.— In two glass 
chantbers germinating seeds are put. Through One of 
these air free from COg and is drawn by passing it: 
through soda lime and pyrogallic acid. Through the 
ctlier air freed only frq:^ COg is passed. It is seen that 
the baryta in the latter is much more turbid, showing 
that CO 2 evolution is much greater in the presence of 

■oxygen. . _ > 

3. Effect of food-supply m.respiration.-The 

ipiration? as seen by the turbi4i(|? produced in oS 
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has been starved by keeping it 
’ IS compared with that of a si 
■ It IS seen that the amount of 
case IS much greater than in tl 
an increased foodsupply results 


•Thermorneter 


Double* wa lle«l 
bulb 


CHAPTER VI 


THE TRANSPIRATION STREAM 

The Problems of Water Supply 

It has been aptly said that “ All living matter lives 
in water If a plant is deprived of water it will die. 
-As a matter of fact protoplasm is mostly water. In 
extreme cases such as cucumber or watermelon 96% 
of the weight of the plant is just water. If this water 
from the protoplasm is removed, growth and other 
metabolic functions decrease and ultimately stop. The 
seed which contains relatively little water remains dor- 
mant and bursts forth into activity only when water is 
supplied. 

The problem of the water supply to the fruits, the 
seeds, the leaves, and the growing tips is an acute one, 
in a land plant. To a free swimming plankton the 
water supply is not a distressing problem. It can easily 
absorb the surrounding water by osmosis. But a tall 
tree has to carry its water from the soil or the subter- 
ranean regions of the soil through special channels to 

remote parts of the plant. 

Before going further into the details of water move- 
ments inside the plant a knowledge of the soil is essen- 
tial. 

Soil and their Relation to Plant Life 

rhe common soil on which plants grow is a 
complex substance, produced by the wear and tear of 
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rocks. The agencies responsible for the breakdown of 
the mighty rocks are rain, wind, sunshine, and frost. 

Rain water enters the crags and in winter, gets 
frozen and thus expands. By the enormous force of 
expansion the rocks crack and the rain finally washes 
the cracked rocks down. During their downward 
course, they get rubbed and broken till ultimately they 
assume the form of silt. 

g Plants like lichens also are responsible for the 
breakdown of these rocks. Lichens can grow on bare 
rocks and as they secrete certain organic acids the 
rocks get corroded. The rain water now enters these 
corrosions and on freezing complete the work of 
desti'uction. 

The various stages of the formation of the soil can 
be seen in a quarry. An example can be met with 
in a natural section of a quarry where stones are being 
broken for metalling the roads. The section shows 
the transition of the fine surface soil to the lower 
coarser soil. Below this there are layers of pebbles 
forming the lower subsoil and finally one finds the 
massive unbroken rocks below. 

Most rocks of the world are of the sedimentary 
kind. This includes all groups of rocks which have 
been formed by the accumulation of sediments 
generally deposited under the sea or lake. These sedi- 
ments, being composed of mud and clay, are washed 
out far into the sea being lighter than sand. These are 
then deposited layer by layer one above the other, and 
eventually when the sea reced^^ they form dry land. 


THE TRANSPIRATION STREAM .111 

The various layers are called strata. Nearly alh the 
rocks of the sedimentary type show strata. i a 

Sedimentary rocks or soils contain calcareous 
matter also called lime stone particles. These are very 
useful as they serve to neutralize the organic acids pro- 
duced by the decay of the vegetables. When once 
the soil is formed nature tills it. Here the earthworms 
play a very important part. On an average there are 
about 50,000 individuals on an acre and they continual- 
ly turn out the soil slowly, invisibly, but efficiently. 

Soil Structure. 

The chief constituents of a soil are:— 

(1) Quartz and mica— in the form of sand and 

finer silt. 

(2) Clay— the finely divided colloidal silicates of 

aluminium. 

(3) Humus— the organic colloidal matter. 

(4) Calcium carbonate— derived from chalk and 

lime stone. 

A mixture of these, goes to form soils. The latter 
are of three kinds, viz., (a) loamy, (b) sandy, and 
(c) clayey. 

The differences in the three are mainly due to the 
differences in the proportions of the various consti- 
tuents that go to form the soil. 

F. R 


114 


plant physiology 


A good soil is usually known as ham and it 
contains:— ' 


Sand 

C*Iay 

Humus 

Calcareous matter 


60 

“>5 


% 
% 

7-5 % 
7-5 % 
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The differences between sand and clay is also in 
the s.ze of ,he particles. Clay panicles are ^ry la 
smaller^ Each, however, has its own usefulness Sani 
^ains help to keep sufficient spaces for ivater and air 

is al^bad too much sand 

also bad, as for instance, in the deserts where the soil 

exert a moderating mauence. But *is too in excess 
causes the soil to be heavy, cold, badly drained Z 
not suffiaently aerated. Clay absorbs jJltash, lim^ etc 
when these are added to the soil, and tlius they a« 
saved from being ivashed away. ^ 

ed dulrr^ "" S'-'cahy dark colour- 

ed due to the presence of decaying plant material by the 

ctmn of bacteria. These decaying mass of vegetltl 

IS called kumns. This supplies most of the nitrogen- 
ous matter. The subsoil is genemlly light coloull 

of 1 rbe°: 

the globe varies from a few inches to a few feet In 
^ndia, generally the thickness of the soil does not exceed 

Physical Aspect of Soils.-Thc crumby property of 
a loamy. ^.1 is due to the fact that it has 'go'; allte 

t? 1 ’ 
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structure and it is not merely a simple mixture of vari 
ous substances compounded together. If some soil is 
shaken up with water and then dried, it looses its crumby 
property when it is again moistened, showing that it 
has lost its definite structure. In agriculture this face 
is of utmost importance for, when too wet a soil is 
worked it becomes puddled loosing its crumby nature 
and then it becomes difficult to bring back the original 
condition. 

The most important constituent of the soil is 
calcium carbonate. It tends to have a mild alkaline 
reaction. Acid soils are not good for vegetation, and 
.so are highly alkaline soils. Incidently, barren .soils in 
India are generally alkaline. 

Soil Moisture. 

Soil moisture can be resolved into three sub- 
heads:— 

(1) Gravitational water.— After a heavy shower 
the excess of water sinks below and is 
drained away. 

(2) Capillary moisture. —Some water is held by 
the soil particles by capillary action. 

(S) Hygroscopic moisture.— Tim amount is 
ecjual to the amount of moisture takeri up 
by a dry soil in wet atmosphere. 

Wilting in Plants. ‘ , 

The amount of water retained in different, soils j 
show that clayey soils hold the most moisture; 



and last ot all sandy soils. BW 
Shantz have earned out extensive researches fr. 
line. They have shown that though clayey soils c 
tain more moisture than sandy soils yet the I 

Z “ 7“'’' heu by the^ cTajey 

fr 7 ^ remaining in the sail 

hen the plant dies from the lack of moi« 
supply. “i-K oi moisture 

When the soil moisture is so low that the rate of 
absorption of water from soil is less than the rr^ £ 

a' cZdiv'” *' Such 

TeZomry" ”,r™'£ ” P>“«- 

1 emporary wilting is that when the flaccid leaves w 
pm their turgidity in a more hnmid atmosphere If 
however, the normal turgidity will not be regained even 
m a saturated atmosphere without the SduL Z 
water to the sod then that condition is knoZ a^ t 
nent wilting. Even after permanent wilting 7„ts 
continue to absorb moisture from soil but ih. ® 

lTto7“““ tranfeta^ 

pe:c::a7ofr:;£:;rattt:Z"“™^ 

wiltine is Ker n • ^ pemianenl: 

g termed by Briggs and Shantz ngi 9 \ 

wilting coefficient. • (lyj^) a., 

lilting coefficient can be determined ht- ki. 
cation of “ direct method.” In this 

is allowed ,0 grow in a taled 7 P'“"‘ 

in a sealed container and th^ 
i permanent lyiitmg, a sample of the sniJ ic 
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moisture on the dry weight basis. The value so obtain- 
ed is known as the " observed wilting coefficient.” 

‘Direct method’ of determination of wilting coeffi- 
cient is possible with small plants which can be grown 
in small pots. With bigger plants grown either in big 
pots or in the field, neither the soil condition round the 
plant is uniform nor, the wilting is uniform and sharp, 
in different parts of the plant. In such cases various 
indirect methods are used for finding the so called 
“ calculated wilting coefficient ” values. 

One such indirect method is based upon the mois- 
ture equivalent of the soil which means the percentage 
of water that soil can retain in opposition to a centri- 
fugal force 1000 times that of gravity. On the assump- 
tion that wilting coefficient is practically the same for a 
given soil for any plant under any climatic condition, 
Briggs and McLane (1907), with the help of ‘ direct 
method ’ of determination of wilting coefficient reached 
the conclusion that with any soil, 

Moisture Equivalent , „ n 

y?- ^ : — i =1-84 (1 ± 0 007). 

Wilting {..oeffieient ^ ' 

Same equation expressed in the following way may 
be used to determine the wilting coefficient. 

TVT-rj.' r, Moisture equivalent 

Wilting Coefficient = 


The Water Absorbing System 
The root system is mainly responsible for the 
irption of water. These are of various types 
trding to the nature of plants. Erroneous idea may 
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and (4) an internal plasma membrane or the tonoplast. 
The cavity encircled by the tonoplast is filled with 
ceil sap containing sugars, acids and minerals. • 

o 





Fig. 37. — A young root hair pushing through soil particles. 

An artificial semipermeable membrane like the 
plant cell tv'as made by Pfeffer. He took a porous clay 
cell within which he poured a solution of copper 
sulphate. He then dipped this cell in a solution of 
potassium ferrocyanide. While the copper sulphate 

Porous dav ceil , 


CuSO^i 




Cm Fe (C N)«- 


KUFe (CN)6 


Fig. 38 .— Diagram illustrating PfefEer’s artificial membrane. 

oozed out of the porous cell, the potassium ferrocyanide 
penetrated inside and at the junction of the two within 
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the porous cell-wall semipermeable membi^ane of copper 
ferrocyanide was deposited. 

The membrane thus deposited can withstand great 
pressure. The porous cell is analogous to the cell-wall 
and the tensile strength is like that of steel. 

Function of the Protoplast, Cell- Wall and 
Yacuole System 

The vacuole system is the fundamental system 
found in the vast majority of adult plant cells and the 
entire metabolic machinery is based upon this system. 
It is due to this that the plant cells possess turgidity. 

The turgid condition of a normal healthy plant cell 
is due to the osmotic property of the cell sap which 
causes the suction of water inside the vacuole whereby 
the protoplasm gets distended causing it to press 
against the inelastic cell-wall, much in the same way 
as an inflated football bladder presses against the outer 
leather. If a manometer were to be inserted in a cell, 
the tension would be released and some of the liquid 
from the vacuole pressed out. To put back that liquid 
the hydrostatic pressure required may be as much as 
35 atmospheres. 

Vant Hoff was led by thermodynamical considera- 
tions to the view that the pressure developed by 
substances in solution is identical with the gas laws; 
thus the solute behaves as if it were in the dispersed 
molecular condition of a gas and the solvent was absent. 
At a constant temperature the osmotic pressure, then, 
varies as the density or the concentration of the solute. 
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i 

: The osmotic pressure can be defined as a pull that 

' the cell sap is capable o£ exerting upon pure water if 
it were separated from it by a perfectly semipermeable 
! membrane. The osmotic pressure of a cell is generally 
: expressed in terms of atmospheric pressure. 

; A semipermeable membrane is defined as one that 

will allow only the solvent to pass and not the solute; 
goats bladder and collodion are examples. An absolu- 
/ tely perfect semipermeable membrane is not found in 

! nature. It always does allow some amount of the 

i solute to pass through it. 

I If one gram molecule of glucose is dissolved in a 

i litre of water it exerts a pressure of •22' 4 atmospheres. 


00 

glucose exerts 

2‘2‘4 atm. pressure 

8 % 


10 „ „ 

6-9 % 

5? ■ 

8-6 „ 

6-0 % 

. ?J 

T.5 „ „ 

5-36% 

J? 

^ ‘ j> ft 

00 


6-0 „ ,, 


I But 3 % calcium nitrate exerts 7‘5 atm. which is 

I equal to the pressure exerted by 6% glucose. This is 
f because the molecules of calcium nitrate get dissociated 
; into ions, while in the former case the molecules do not 
break up. 

Assuming then that a protoplasmic membrane is 
impermeable to the solutes, if we put a plant cell in 
water, no diffusion of solutes into the cell across the 
membrane could occur. Since the concentration of 


122 


PLANT PHYSIOLOGY 


solutes m the interior of the cell is higher than ,1, 
o the latter will diffuse inwards into th! 

vacuole by the process of osmosis. The vacuole wffl 
glow in size and, exerting a hydrostatic pressure win 

cdfwan 'r -‘riffgUly towards' t 

Of the o ’ ‘centrifugal pressure is an equivalent 

the osmotic pressure and in its relation against the 
ce wa IS called the turgor pressure. The cell wall 
now commences, in an increasing amount, to exert „ 
nnvnrdly directed pressure. When the limit of exten 

sibihty of the cell wall has been reached its inward 
pressure or centripetally directed pressure becomes 

‘ tind no more water will 

«■ ts inwardly directed pressure is called the 
wall pressure. When a cell is fully turgid, the osmodc 
piesmie, turgor pressure and wall pressure are at their 

maximum and equal to each other. 

We thus see that when osmotic pressure equals 
wall pressure then no water can enter. Thus even 
Aough the value of osmotic pressure may be very high 
the water may not enter a cell. Yhe rate of flow of 
water consequently depends upon the suction pressure 
a cell which IS the difference in osmotic pressure of 
v'mterna and external solutions less the wall pressure. 
Ills 1* osmotic pressure .equals wall pressure the 
suction becomes zero. In this’’ condition no water 
can enter however high the osmotic pressure may 
e. ccording to Brown the suction pressure is a force 

t if the cell were immersed in pure water. 
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Lateral Transfer of Water in Roots 

Having considered the osmotic mechanism by 
which the soil water enters the root hairs, we may now 
consider the lateral transfer of water. 

Working with Ficia faba, Ursprung and Blum 
found the suction pressure to rise from 1*1 atmospheres 
in the piliferous layer to 4d atmospheres in the cells 
just outside the endodermis. With the gi’adual in- 
crease of the suction pressure one can easily explain the 
transfer of water across the cortex towards the cndoclcr- 
mis. But, then, the authors also found that there is 
a marked drop in the osmotic pressure within the 
endoderraal cylinder. Therefore, there comes the 
difficulty of explaining as to how the water gets transfer- 
red from the cortex, a region of higher osmotic pressure 
to the endodermis, a region of lower osmotic pressure. 


-EncHodremift 


.Ca^parian strip 


Fig. S9.*~Cross section of a root showing Casparian strips on the 

radial walls of the endexitrmis* 

Priestley has very ingeniously explained it on the 
grounds that the endodermal c^ls are radially jhickcn- 
ed and contain the Casnarian strips. These strips are 
impregnated with c utiniise d raateiM thus effectively 
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Which may and does take place in the cortical redon i^ 
cases of lateral water supply to the roots. In the endr 
the water therefore has to flow %qugh the cell 
as follows. When the cells of the* cortex 
are ^fully turgid the suction pressure becomes zero and 
as the endodermal cells, as also the cells within, are no' 
so fully turgid, due to the constant removal of water 
rom the xylem vessels, the suction pressure is consider 
ably more than that outside the endodermis. Water i. 
consequently drawn in. 

Once the water has reached the endodermis its flow 
towards the tracheae can take place either along the 

or from cej] to cell throu^'the in- 
creased suction pressure gradient as in the case of flow 
through the cortex. 

The next problem and which is more difficult to 
answer is to explain the mechanism of the entrance of 
water into the tracheae. For this purpose various 
theories have been suggested, which, however, are all 

hypothetical and are not supported by experimental 

evidence. 

The theory of Lepeschkin is based on his observ- 
auons on the guttation from the surface of the sporan- 
giophores of Pilo bolus. 

It is well known that this fungus is coenocytic. 
When one end of; the hyphae is dipped in water it is 
ound that it exudes out from the various parts of the 
sporangiophores. He also showed by plasmolytic 
experiments, that the sporangiophores, are more per- 
meable than the lower parts, Taking this as an analogy 
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Le peschkin explains that the cell next to the xylem 
vessel has differential permeability at different sides; 
so that the side towards the xylem is more permeable 
than the side away from it. Thus when the water is 
sucked from a neighbouring cell into the cell next to 
the xylem, as the side towards the xylem is more per- 
meable, the cell as a whole is unable to retain that 
water which consequently gets injected into the xylem 


On the other hand, this unidirectional flow of water 
is explained by Priestley on the grounds that the cell 
next to the xylem vessel when fully turgid is unable 
to suck any more water and thus the suction pressure 
becomes zero. The dead tracheal elements, on the 
contrary, as a result of the excreting activity of the 
living cells adjoining them, are not subjected to the 
pressure of the impermeable protoplasm. Here, then, 
the s uction pressur e is equal to the whole of the osmotic 
pressu re. It must, therefore, withdraw water from 
the neighbouring turgid cells as shown diagramatically 
from Priestley’s figure. 

One end of A, containing any strong solution, is 
immersed in a vessel of water B; while its other end 
adjoins the semiperraeable membrane of C, wRose upper 
Ind is open. C contains a solution of certain concen- 
tration. Now A withdraws water from B till it is fully 
extended and the suction pressure then becomes zero. 
In C osmotic pressure is equal to suction pressure 
because one end being open no tutgor pressure deve- 
lops. Water will, therefoix:, be drtawn into C, inckixr; 
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dently of the magnitude of osmotic pressure in A, i.e., 
even if the osmotic pressure in C is less than that in A, 
the suction pressure in G being greater water will flow 
into G. 



Err;:;L - r= :, , 


Mg. 40.— Diagram illustrating the transference of water into 
the dead xyiem cells. (Explanation in the text). 

Priestley thus makes the startling though quite 
logical suggestion that it is the dead vessel and not the 
living cells that draws water from the soil. 

Root Pressure 

The above theories of Lepeschkin and also of 
Priestley may serve to explain the mechanism of root 
pressure. This may be defined as a pressure set up inf 
the fibrovascular bundle of the stem and root due to I 
the water which is being froeed in them. This pressure | 
is noticed in the bleeding of cut vines, as also in 
“ Neem ” trees (Melia azadirachtd) when occasionally 
the trunk by itself splits and the sap oozes out for days 
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together. Though undoubtedly Priestley’s explana- 
tions of the mechanism of the entrance of water into the 
vessels does explain to a certain extent the mechanism 
of root pressure, it cannot be wholly explained by 
means of osmotic and imbibitional forces alone. It has 
been shown that changes of oxygen concentration and 
also temperature affect root pressure which thus points 
out the vital relations of the cell involving energy 
transference. Under conditions of little or no trans- 
piration and an abundant water supply, a cut stem of 
a potted plant may show positive root pressure while 
under adverse conditions of water supply and high 
transpiration negatwe root pressrire may be found. 

Ascent of Sap 

Various theories have been suggested to explain 
the raising of tvater from the roots to the leaves. The 
theories may be divided into two main classes: 
(1) the physical and (2) the vital. 

The authoi's of the physical theories contend that 
die nature of the major forces concerned in the eleva- 
tion of water is purely physical and obey the physico- 
chemical laws, though the living cells of the plant may 
also play a minor part as in the case of lateral trans- 
ference of Avater which is an osmotic phenome- 
non intimately connected with t.he living protoplasm. 
The upholders of the vital theories, on the other band, 
assume that the forces concerned are of a vital nature 
intimately connected with ^e living cells of the root. 
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stem and leaves and that the dead tracheal elemen, 

have next to no part. /^^ements 

Physical Theories. 

Boehm’s theory. --Boehm’s views (1809) were that 

partly th* capillary forces of the trachea and partly 4e 
atmospheric pressure were responsible for. the ascent 

Jamm’s cAni, i.-Jamin suggested that inside the 
stem there are alternate layers of water and air and t 
tte^ expansion of air as also by lateral stresses liJ 
bending etc., the air move, up carrying the “att 
column above it. By means of casts of plaster of Paris 
he demonstrated that even when there was a suction of 
less than one atmosphere from the top, water was 

absoibtigtamr^ " 

Imbibition Theory.~S 2 idos (1878) suffaested that 

-ter moved up entirely in the ilalls if th^x^em S- 
ments by the process of imbibition and that the lumen 

the woik of Dixon and others who showed that whei 

vlZ-ltf T” «'“«>■ 

vapoui., etc. severe wilting occurred. 

accented Th” present the most 

Toly in ]89^4%h -T by Dixon and 

^ \ Vg essential facts. 

(«) The cohmve quality of water i.e„ its qualitv 

Or resisting ten^ ife rstress. 
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(b) The imbibitioiial force of the evaporating 
cell-walls of the leaf. 


A 


B 


Fig. 41. — Diagram of Dixon's tube to show cohesive force of water. 

To prove the cohesive (jualily of water Dixon 
took a bent glass tube sealed at one end and then 
thoroughly cleaned it and welted the inner surface. 
He then filled it up tvith boiled distilled water up to 
two-tiurd capacity of the tube and then sealed it. When 
the tube teas gently brought to the horizontal position 
the tvatcr filled up the long ann of the tube depicted as 
AB in the figure. Now when the tube was gently 
lifted up to a vertical position the water kepi adhering 
to ll^e top and did not fall off to C. This was due to 
tlx surlacc molecule of water sticking to the side of the 
tube A B and also due to the cohesive (|uality ol die 
water molecules. If one tvere nmv to tap the bent arm 
at r then there may occur a break in some pttrl of the 
tvater column and the water will drop down witli a 
metallic clang and fill up the space at C. 
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Dixon next took a similar tube and filled it up 
completely with dust free water only leaving just a little 
space for an air bubble and then sealed off the mouth. 
On carefully heating the tube the water expanded 
covering the entire internal volume of the tube and 
completely dissolving the air bubble. Then it was 
allowed to cool; but the water due to its adhesion to 
the glass surface resisted the strain of contraction. 
Only when the strain exceeded 7‘5 atmospheres as 
calculated by Dixon, that the continuity was broken 
and the water occupied its original volume leaving 
the space free for the air bubble. Similar experiments 
showed that plant sap withstood a tension of 45 
atmospheres before it was ruptured. Rupture occurred 
in unboiled sap at a tension of about 207 atmos- 
pheres. This according to Dixon may be due to the 
colloids present in the cell sap. 

The cohesion theory assumes that the water is in 
the form of unbroken columns in the conducting tracts 
of the xylem which are continuous with each other both 
vertically and laterally through the cell-walls. The 
terminal endings of this water column are, on the one 
hand, the menisci of the water in the extremely minute 
cavities of the epidermal cell-walls of the roots and, 
on the other, those in the hypodermal cells of the 
leaves. - 

But there are cases wh^fe air bubbles may 
enter a xylem vessel and thus break the continuity 
of the water column. In such cases also, Dixon 
has shown that the continuity may not get com- 
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pletely broken as suggested by figure 42. Even the 
tracheae have cross walls at certain distances and 


I Vessels 
iilled up 
v/ith asir 


Mg. 42.— Diagram illustrating continuity of water in xyleim viessels. 


if in one trachea an air bubble gets introduced 
the continuity of the water column may be kept 
up. 

Regarding the imbibitional force of the evapo- 
rating cell-walls of the leaf, it has been shown to be 
enormous. Dixon calculated that it would require 
a pressure of 100 atmospheres to break the continuity 
of the water column in the mesophyll cells of the leaf. 
Hie suction power of the vacuoles of the leaf ceils, 
which is from 1 0 to 20 atmospheres, is ample to move the 
column of water in stems at an adequate rate to replace 
the ivater evaporated from the leaves. In the process 
of transpiration water particles are first set free into 
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die intercellular spaces of the leaves from the cell- 
walls. The surface tension of water in the cell-walls 
then increases resulting in the witdhratval of water from 
the protoplasm into the cell-rvall. The water from 
the vacuole, in its turn, is drawn into the protoplasm. 
TIiiis by the loss of tvater from the vacuoles of the 
ceils the osmotic pressure rises tvhich causes the flow 
of water into these cells from neighbouring cells. 
The disturbance in the dynamic equilibrium is trans- 
mitted eventually to the water in the xylem elements of 
the leaf and the pull is carried do’sm through the xylem 
vessels of the stem and the root, ending finally in the 
root hairs. 

Vital Theories of the Ascent of Sap. 

Godlewski (1884) assumed a rhythmic change 
in the permeability of the medullary ray cells of the 
xylem, so that the rvater was taken up first from 
the xylem elements situated just below it and then 
released into the xylem elements above. In short 
the medullary ray cells acted as a pump and the xylem 
as the conduits for the water to flow. 

Janse (1887) supported Godlewski and showed 
that if the lower portion of a branch tvas killed, 
the leaves above were, w’ithin a few days, affected. 
These theories, however, had no experimental backing. 

Bose and Molisch were the recent supporters of 
the vitalistic view. 

Bose (1923) believed that there was a layer of cells 
in the stem in a state of active pulsations which 



THE TRANSPIRATION STREAM 


caused the rise of water. He investigated this by 
his electric probe. One terminal of a galvano- 
meter was connected with the probe and the other 
at some point in the plant as shown in Figure 43. 
The insulated fine probe was inserted into the stem 
very gi’adually. 


g. 43.— Diagram illustrating Bose’s experiment with electric 
probe: A, the general arrangement of the apparatus; and 
B, the details of the probe (after Bose). 
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greatly be increased tvith drugs that cause increased 
cardiac activity in the animals. 

Dixon and his co-workers, hotvever, have adversely 
criticized Bose and have been unable to verily his 
results. Shull. MacDougal and others have also criti- 
cized Bose oti the ground that he has not been able to 
correlate the relationship of the pulsatory activity to 
ilie ascent of sap. It has been estimated tliat the sap 
must flow through 200 to 400 ptilsating cells per second 
to account for the normal rate of upward flow of the 
sap. Hiis rate, naturally, is inconceivable from the 
rate of jnilsations as found by Bose. 

A .schematic representation of the course of water 
in transpiration is given on page 135. 

Factors Governing the Rate of Transpiration 

The following arc some of the main factors that 
influence the rate of transpiration:— 

1. Leaf structure 

2. Light 

3. Wind 

/ 

•1. Temperature 
Humidity 

6. Water content of the soil. 

Leap STRitcrimE. 

'Lite leaves of most angiosperms are composed of 
thin walled parenchymatous tissue, through tvhkh 
finely divided vModar buadles ramify. The entire leaf 



THE TRANSPIRATION STREAM 


138 PLANT PHYSIOLOGY 

interior. The two daughter cells are now called the 
guard cells. 

By the variations in the turgor pressure in the 
guard cells the size of the stomatal opening is regulat- 
ed. When the osmotic pressure in the guard cells 
increases water is drawn in from the surrounding cells 
causing the guard cells to distend. The thickness 
of tire cell-wall of the guard cells away from the 
0 |>ening is less than what it is towards the side of the 
opening as shown in Fig. 45. When the guard cells 



Fig. 45*"— Cross section of a stoma and guard cells (diagrammatic) 
illustrating opening and closure of the aperture by the 
' .. guai-d cells. 

b^ome turgid the thinner side, which is the side away 
from the pore, swells out as shown in the figure and 
consequently draws the thicker side, which is the side 
towards the pore, tow^ards it. By so doing the pore is 
naturally widened. 

Unlike the other epidermal cells of the leaf that 
are devoid of chloroplast, the guard cells contain gnien 
plastids. These, however, are not chloroplasts. Un- 
like the true chloroplasts which cannot be formed in the 
absence of light, the green plastids of the guard 
.ceils can be formed. There is also some doubt as to 
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whether they can manufacture carbohydrates. The 
starch prc.sent in the guard cells appears to have been 
translocated there from the mesophyll cells. 

Factors Responsible for Stomatal Regulation: 
(u) fjght.— The action of light upon stomata arc some- 
what peculiar. As has been said before, the green 
pigments do not synthesize carbohydrates, but in light 
the carbohydrate-sugar balance is altered leading on to 
the formation of sugars. Thus instead of forming 
starch as is usually the case in light starch is hydrolysed. 
The osmotic pressure naturally goes up and the guard 
cells distend and consequently the pores open. 

(h) Temperature.— Tempcrztme affects the open- 
ing of the stomata in two ways: (1) it reduces the 
length of the time of the opening by one-half for every 
10" rise of temperature, and (2) at higher temperatures 
starch gets converted to maltose, thus increasing the 
osmotic pressure of the guard cells in consequence of 
which the stomata open. 

(c) Moisture.— Next to light, moisture has €he 
greatest effect on the stomatal movement. If the supply 
of water in the leaf reaches a certain minimum, which 
may cause the guard cells to loose their turgidity, the 
sfomata will close regardless of the influence of light 
or any other factor. 

(d) .Sn/fs.— Iljin and others have shown that salts 
have a marked effect upon the stomatal movement. In 
■general, if the leaves are floated on salt solutions, by the 
penetration of salts into the guard cells, starch gets 
hydrolysed to sugar and stomata open. 
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Daily Movement of Sfomafii.— Loftfield has da»». 
fied stomata into 3 main heads with regard to their 
daily movement:— 

(1) I'hc Alfalfa type: here the stomata are open 
all day and closed all night. This type of sioniaial 
behaviour is met with in most thin leaved mesophyies 
e.g., pea, bean, turnip, radish, apple etc. 

(2) The Potato type: the stomata here are open all 
day and night except for a few houx's in the evening 3 % 
in the potato plant. The stomata of the cabbage, 
onion, plantain, and pumphin also fall under this type. 

(3) M'he Barley type: these show no opening at 
all during the night and are open only for a fexv hours 
in the day. Generally the cereals come under this 
group. 

Position of Stomata on the Lea/.— Stomata can 1^ 
grouped under 4 heads regarding their position. 

(1) In Tropaeolnm and mulberry etc. they occur 
m|Iy on the under surface, 

(2) In pumpkin, bean, and tomatoes they occur 
more on the under surface than on the upper, 

(.3) In cabbage, sunflower, corn, and pea. the) 
occur ef|ually on both surfaces, and finally 

(4) In water-lily ail are found in the upper siniatc. 

The stomata average from 100 to 3{)() per sq. 

millimeter of leaf surface Brown and Escombe have 
shown that if the diameter of the opening of a stoma 
is of 'a certain length and if other stomata of the leaf 
are situated to 10 diameters apart, the flow of gases 
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takes place as if there was no covered area, but that 
titcre was one continuous opening. It should be 
,’e 5 ,ainbtred that uonnally the total area covered by the 
opening of all ihc stomata is only about 1 per cent, of 
she leaf suTl'ace. the rest being covered up with epidermis 
ant! cuticle. It has been, however, recently shown that 
sligiu closing of the stomata has practically no effect 
on the iranspiration rate. It is only when they are 
aliimst closed that transpiration is affected. 


blOHl. 

Light affects the rate of transpiration in various 

ways, e-g . 

(a) It affects the guard cells, as has been mentioned 
liefore by altering the starch-sugar equilibrium. 

(h) It increases the temperature of the leaves. 

(c) It increases the permeability of the protoplas- 
mic membrane, thus retluciug the resistance to the 
passage of water to the cell-rvalls. 

\d) It induces imbibitional chances in the cell-tvall 

colloids. 

Temperature. 

In general live rise of temperature increases tlie 
rate of nanspiration. by simply increasing the evapo- 
rating |50tver of the leaf. It should, howc\ci, be 
Te-membeierl that different plants react differently to 
I temperature, the iranspiration rate augmenting more in 
j some and less in others. 
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Humidity. 

Decrease in humidity increases in general the 
transpiration rate because tire evaporating power 
naturally increases with decreasing humidity. 


Effects of Enviponment on the Structure of 
Transpiring Organs 

As water is not uniformally distributed over the 
surface of the globe nor is the temperature constant 
throughout the universe, it necessarily follows that 
plants have to adapt themselves to different surround- 
ings in order to live. 

Plants of the arid regions tvhere soil moisture is 
very scanty and the air is hot and dry, modify their 
transpiration rate by some of the following ways. 



I 

I 
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I sii-ms wun weit aeveiopea cmoropiasts, serving as assi- 
I fliilafory organs. The leaves, on the contrary, are small 
j and spiny, and ha\;e lost their assimilatory power. Some 
I limes these phylloclades store up enormous quantity 
I of tvater and even when removed from the parent plant 
: can live for quite a number of years without talcing 
jjp water. 

(2) By ihe Sinking of the Stomata.~A familiar 
j example om: finds in Nerium. Here not only are the 
f leaves thin and long— a necessary adaptation for reduced 
i traii-spirafion— but the stomata are sunk in cavities. 


Simm 

^protected by hairs) 


Fig. 47. — Transverse sec. of a part of Nerium leaf through 
a sunken stoma. 


These cavities open as tiny pores on the surface and 
retain moisture in them; as the dry winds pass over the 
|K)rc the moi.sture within remain undisturbed. 

(3) By Reducing the Number of Stomata.— -Kcduc- 
lioii in the number of the stomata also helps to reduce 
the transpiration as is found in grasses. 

(4) By Thickening of the Cuticle.— hi pines the 
cuticle is thickened and thus the cuticular evaporation 
is reduced to the very minimum. 
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(5) By Production of Waxy Bluom.—Ahoihi'r in- 

tCTcMing- way by which plants reduce their transpiration 
is by the production of waxy blooiiT upon their cuticle. 
Fasuiliar examples may be found in the cabbage, sugai- 
cane etc. ’ , . 

(6) By curling or rolling of the /c«ww.— Lea\ es of 
some of the grasses have special adaptations for Xero- 
phyiic condition.s. 7'here are a number of longitudiiia! 
grooves on the upper side of these leaves. Epidcriual 


5ub- epidermal 
fibrous f issue 


-Lar^ mofor cefh 

lithe bottom Of 
the furrovis. 


Fi|(* 4Ta.— A. Diagram of a leaf of FeFtiica glauvu in 
T.S.; a*a leaf exptodeci; fo-b leaf folded up, 
fi T,S, across one of the furrows on the upper surface Kick', 

, . I (After Tichlrch) 

cells at the bottom of these, grooves— motor celLs— 
are of larger size and their walls are thiti atid flexiftlc. 
IJtider the conditions of insufikieni supply oi tvater or 
increased tlryne^ of atinosphene there is a.dectcase in 
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i!ic liirgidiiy of ihesc molor, cells and they coniracl 
ihit;, as wei! as the simultaneous Contraction of th( 
sub-epidermal liijrous strands result in the folding oi 
the curling ol the leaves thus avoiding excessive trans 
piration (Figures 17 A and Bj. 

Ihc Alpiiir also exhibit the characteristics 


velamen 


cortax 


Fig. 48.— Diagram of (A) a cross section of orchici root 
and (B) a single cell of velamen. 

of xerophytes. Due to very low temperatures even 
though the rainfall may be high, the plants arc unable 


Upper 

epidlermis 


■lower 

©pi«lerro*s. 


‘Crosg^ section of Begonia leaf. The many Jayerec 
epiclehnis serve as water storage tissue., ■■ ' " ' ; 
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to withdraw water from the soil and consequently they 
have to conserve their water. Thus alpine soils thougli 
containing plenty of water are physiologically dry soils. 

There are yet other plants like Begonias and orchids 
that possess tenter storage tissues. When there is rain- 
fall the roots of orchids absorb water and store it up in 
their special storage organs called velamen (Fig. 481. 


Relation between Transpiration and Evaporation 

As has been said in a previous page that plants 
regulate their transpiration rate to a certain extent 


•An ntmometer; 4^ a jporous pot mounted over a bottle B, 
containing water. Iw^mration is measured by 

toe loss in w€i^t of the appat’atus. 


Thus it may be useful to find out 
teen eyafKmation and transpiration. 


14? 
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There arc many evaporimeters also called atmo- 
tiielcrs on the market. In their design the underlying 
plan is to have a porous clay eap, from whose outer 
Hirface the water keeps on evaporating and conse- 
(juently withdrawing tvater from the inner core (see 
Fig. 50) 

The telative transpiration, also called transpiration 
coefficient, i.s the latio of transpiration to evaporation. 
The variability in the ratio gives an indication of what 
is termed physiological checking of transpiration. 

Practical Experiments 
Examination of Soils. 

Examine the following kinds of soils:- 

(1) Sand, (2) Loam from surface .soil, (3) Loam 
from sub-soil, (4) Clay. 

1. Sand.— It is noncolloidal and settles quickly in 
water. It can be wetted readily and dries quickly. On 
examining a few particles under microscope it is found 
that all the particles are separate^ there is no aggre-" 
gation. Some of the particles are brownish in coknir 
and opaque and some are translucent. 

2-3. Loam.— The soil from the surface k darker 
than the sub soil which is yellowish. The blackne.ss 
is due to the presence of decayed organic matter of 
Iminus. The soil docs not settle -so readily as the sand. 
Also it does not dry up so quickly* The loam is crumhv 
in nature and contains sand fwticles around tvhich 
are aggregated loam particles. ; ,,i 

4. C/ay.— It is sticky and pasty when wet. It 
doe$ not settle down readily in water and is of a colloidal 
iBtWre, w'hen obsen'ed under the microscope the pan^i- 
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cles are much finer than those of sand and loam 
very compact: By examining a soil suspension 
under high power of the microscope Browniai 
nitnt can be observed. 


REACTto.v OF Soils. ■ 

If'"' ■ ■ ^ 

1. Ordinary soil.—Take a liti 
test lube. Add water and decant 
alkalinity and acidity. It is practii 

2. Us&r soU.~ln a te^, tube i 
and add water. Decant and add 
the AukI a retl colour is produci 
usar .wil is- alkaline. 


ENI’S ON OsMt^S; ‘ ^ 

--rllbiTld put iij .strong salt 

wmetiinc :the grapes shotv 
e.- ; -.1 He mu .^inside the; grapes is, drawn ■ . 

the dish, ty'd 








--Diagram of. demonstration of osmotic 

'■"■■■■ ■ ■ '■■■■. . "I*: ' z, ; 

Experiment to determine amount of osmotic 

. Ifece of herbaceous stem, about 100 mm. 
ing I or 2 mm. diameter is marked with India 
'^«al «totaiices, ■ This piece ^is' ' then put in 
^Jation for about 24 hours, it will 
!!f inki marks have 

|! i j ,• h)? ^ putting 
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iveights on the scale pan of the apparatus. That which 
in the experiment is affected by weights, is affected in 
nature by osmotic pressure. Thus finding the average 
diameter and applying the formula tt r^h the osmotic 
pressure can be determined. 

y 7. Demonstration of plasmolysis.~¥eel off the 
lower coloured epidermis of Rhoeo disco/or and examine 
under the miscroscope. It will be seen that each cell 
is completely filled with a reddish cell sap. Now take 
three other pieces of the epidermis and put them in 
three glasses containing salt solutions A, B and C of 
various strengths. Note the result and explain. 


Entry of Water and Ascent of Sap. 

^ 1. Experiment to show the formation of Pfeffer’s 
artificial membrane.— A crystal of copper .sulphate is 
dropped in a solution of potassium ferrocyanide. A 
semipcrmeable membrane of copper ferrocyanide is 
forced which goes on growing progressively. 

''2. Experiment to -show the path of water through 
the xyleni in the stem, leaf and flower,— Place a twig of 
white flowered balsam in a beaker containing eosin 
solution. After an hour it will be seen that the veins 
of the leaves and petals of flowets are coloured red. 
Cut a T. S. of the stem of this plant and observe that 
only the xylera vessels are turned red. 

Repeat the above experiment with the leal erf 
A,rundo. . ' . , 4 . 

\/ 4 . Experiment to show the wilting of a shoot'^fjfPa 
result of plugging the lumen of the vessels with paraffin. 
—Cut a snoot of a balsam plant and dip it in a pot con- 
taining cool but melted paraffin; withdraw and wheh 
the paraffin has set remove a thin section from the /ent 
end. .The lumen then will ne^ain plugged while the 
side '.will; be "freed mf paraffin.^''- Place the plant, fe' a 
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Transpiration.^ 

.1. Experiment to show loss of 
piration.~A potted plant ‘ 

THe pot is covered by 
cloth, in such a i ^ ' 
of it. The bell-jar is made air-ti 
will be found that small drops of 
on the inner wall of the bell-jar. 


. water due to trm 
IS placed under a bell-j' 
a parchment paper or an \ 
xvay that no water vapour escapes o 
tight. After a U 




-Diagram of arrangement to show suction force due to 
transpiration.. 


5. Experiment to show transpiration by means of 
an ordinary potometerj^r^^Che apparatus is fitted t$ itotvn ; 
in Fig. 56. A bubble of lair is introduced in the glass 
"ttbe w raising the appf»«|i«- above the level of 
ifot' ai/few : seconds. It -wltt be observed that the ,, ,tir • \ 
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,l,e leaves, the weight of the plant goes on decreasing, 
. result of which tension on the spring is lowered 


Fig. 58.— Farmer’s potometer. 

Mid the position of the pin goe 
upwards ivhich is detected by 
the microscope. 

10. Experiment to compare 
two surfaces of a leaf by means o 
-Lay a dried cobalt paper on a 
paper place a fresh leaf of Ner 
a seconit piece of dried cobalt f 
Tie both the slides by a piece oi 
5? utU be found that the cobalt paper 
the lower surface of the leal assumes a 
tile oihet retains its blue dolour. C — 
whih' conducting the experiment that the 

‘‘ Expfb i merit tp detefTH^ the amount o: .■ 

'^piiiftMn from the tipper ditwlwaitf Surfaces ot <>.t 


transpiration from the 
f cobalt chloride paper. 
dry glass slide- * On the 
a and cover this tidth 
er and & second slide, 
cord. After an hour 
in contact with 
red lint, while 
Care should be taken 
nrv' 



Vig. 59 — Experiment to show 1 

'Cium chloride. The incre 
indicates the amount of ti 
surfaces (Fig. 60). 

: ‘IXPERIMENTS ON SxOMATA 

I 

_ ' 1 - Experiment to mt 
in leaves 

. method.^Peel . 

i nt the leaf provided and ph 
;ii)"ed u'iih Congo-red. Tf 
hv!i).'Ht;d and hardened 1 
uo! fiistorled in shape. 
** the stomata can now be ■ 
cope. 

2 . Comparison of 

« . . ^ 
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)<s fixed to * the leaf by means of gelatin, ifo this 
funnel, is attached a piece of rubber tubing which in 
nirn is attached to one arm of a T-piece. The lower 
end of the T-piece dips under mercury contained in a 
beaker teliile a small-bored piece of rubbei' tubing with 


-Diagram of apparatus for investigating transpiration 
from- the two surfaces of a leaf. 


a dip is fixed to the other arm. ; - By- openiiig the clip 

mercury can be sucked up to any desired height and 
the clip is then closed. - A slight negative pressure is 
now created in the porometer chamber. Note the rate 
of fall of the mercury column. The stoma tal aper- 
lures of different plants can be compared by usjing the 
same apparatus tvith different plants placed under simi- 

Types of daily movd^ents of stomata. 

(a) Alfalfa type.StotnatA open all day and 
a,ll night as in, pear, apple, radish, b<fean etc. ' 







CHAPTER VII 

INTAKE OF SOLUTES BY PLANTS 


In the foregoing chapter it was told that the plant 
cells had seinipermcable membranes and it was to 
the cell-Avall— protoplasm— vacuole system that the 
cells owed their turgid condition. The cell i mem- 
branes are, hotvever, not absolutely semipermeable, but 
allow the passage of solutes through them. Oster- 
hout has shown that the inorganic salts readily pene- 
trate the protoplasmic membrane and enter the vacuole 
of the cell. He experimented with Dianlhus harbatiis 
which contains lot of oxalic acid and grew it in 
‘ distilletl water. After a few days when root hairs 
appeared he transferred some plants to a weak solution 
of calcium nitrate and kept back some on dis- 
tilled water. After a few hours when the root hairs 
were examined under the microscope crystals of calcium 
oxalate rvere seen in the root hairs that were in calcium 
nitrate solution while no crystals appeared in the con- 
trol. This conclusitcly showed that calcium entered 
jlhe root hairs in ionic form. 

It has beet! generally considered that inorganic 
Silks enter the cells in the dis.sociated form. Recently, 
however, Osterhoiu (1929) has shown that certain 
comjxmnds enter the plant cells without undergoing 
dissociation. 

Generally speaking the protoplasmic membranes 
of plants are permeable to practically all the inorganic 
F.'u . 
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solutes and up till recently it was generally assumed 
diat it was a simple process of diffusion whereby the 
cntiance of the solute was from the higher concentra- 
tion in the soil to the lower in the cell sap. If after 
the entrance no change took place then equilibrium 
would be established and no further penetration could 
take place. But if the solutes were removed from the 
cell or chemically combined, precipitated or absorbed 
thus rendering them osmotically inactive, then the flow 
of the solutes will continue. 

Recently, the examination of the uncontaminated 
sap of individual cells have shown that in many cases 
ihe concentration of the o.smotically active solutes is 
higher than the surrounding medium. This will 
mean that the intake of the solutes is not a simple 
process of diffusion. 


Osterhout (1922) 

working with 

Valonia found the 

mineral contents in 

the cell sap 

and in sea water 

as follows: 

Concentration 

Concentration 


in sea water 

in cell sap 

Chlorine ... 

19‘6 

21/2 

.Sodium 

* ii * ff 

10-f) 

2’1 

Potassiiirn 

0-5 

201 

Cftlciitm 

0-45 

01 


fSl 

1. race 


3'3 

0-005 


Sodium, magnesium and sulphates are much 
less in concentration inside the cell than in sea 
water. Chlorine is nearly as high as sea water while 


. f 

' ;• 1 f ■} '. ■’! 1 , 
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potassiutu is 50 times more concentrated in the cell 
sap than in sea water. As practically all the potas- 
simn is in the soluble form of chlorides its presence 
cannot be attributed to removal from the metabolic 
centre of chemical changes. 

Thus it is a well established fact that the plasma 
membrane surrounding the protoplasm is not perfectly 
semi-permeable and allows the inward passage of vari- 
ous substances. In reality this phenomenon is of ut- 
most importance for the balanced metabolism of a 
living cell. During the latter part of the 19th century 
de Vries, Klebs and others showed that when plant 
cells were put in a solution of substances like glycerol, 
cane sugar etc. first plasmolysis occured due to exos- 
inosis but after some hours by gradual inward passage 
deplasmoiysis took place and the cells once more re- 
covered. The physiological sensitivity of the plasma 
membrane, as expressed by differential permeability 
towards substances in solution, has been explained by 
various theories put forward by different sets of 
workers. A brief account is summarised below. 

Difftfrential Menibrnne Action in Plants. 

Sieve theory.— This is also known as Ultrafiltralion 
theory. Traubc (1879), Ruhland (19H) and Seifri?; 
(1936) put forward the view that the plasma membrane 
acts as a sieve or an ultra-filter. Thus solute particles 
beyond a certain size cannot enter in a cell. According 
to Seifriz the size of the pores cain change and adjust 
to suit the surrounding conditions. That the various 
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dyes which cannot pass through artificial parchment 
membrane are absorbed by living cells through iluiv 
plasma membrane has been the strongest evidence in 
favour of this theory. 

Later on it was shown that in many cases huge 
molecules as those of alkaloids were permeable am! 
small molecules of amino acids were iinpermcal>!e U) 
the same membrane. This fact stood against the sieve 
theory and Brooks (19.^0) modifying the theory said 
that plasma membrane consisted of mosaic ol anion 
permeable and cation permeable areas which trere of 
the nature of charged porous films. This explaitied the 
rapid diffusion velocity of one type of ion as compared 
to the other type. 

Amphoteric nature of the protoplasm is consider- 
ed by some to be responsible for the intake of solute 
by the plants. At a certain pH value of the medium 
known as “ Isoelectric point ” protoplasm is neutral 
but on the acid side of this value it behaves as a cation 
and unites tvith anions while on the alkaline side it 
behaves as an anion and unites with cations. Lapique 
(192.5) held the view that protoplasm during its circu- 
lation within a cell happens to contact both the cxteiior 
medium which is on the alkaline side of its isotdettric 
point as well as the cell sap which is on the acidic side 
of the istK'Iectric point. So with cell sap it releases 
cations and combines with anions and with the exterior 
medium it combines with cations and releases anions. 
This process continues irmij^lhe cells, from the exposed 
absorbing surface to the interior parts and maintains 
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the absorption and transmission of ions from the exter- 
nal sohi lion to the inner tissues. 

In the opinion of Casale (1921) the ectoplasm of 
an exposed absorbing cell releases hydrogen ion to the 
external solution. Thus a difference of potential i.s 
set up between the two. To equalise the charges, the 
external .solution yields cation to the ectoplasm. This 
cation may have been transmitted by a distant part of 
the exteinal solution by the process of the replacement 
of charge and not actual movement. Thus the ionic 
exchanges between the external solution, cytoplasm 
and the cell sa]) irecome responsible for the intake of 
solutes. 

(N.B.— T/tc reader is expected to have an elemen- 
tary knoioledge of hydrogen ion concentration. Those 
who are ignorant are advised to read Appendix B). 

Colloidal t/ieory.— This may be considered only as 
a corollary to the sieve theory. Protoplastnic mem- 
brane is of the emulsoid colloidal type and various 
investigators have suggested that the changes in visco- 
sity, phase inversion or electrical reactions of this type 
of membrane might bring about changes in the per- 
meability resulting in selective absorption of solutes. 

According to Breazeale (1923) attraction of colloids 
for u*ns is responsible for the intake of solutes in plants, 
if some ion is taken from a colloidal com fKJund within 
the plant and used in building up a permanent tissue 
then the remainder of tha(^|j^oidal compound loses 
its electrical equilibrium and carries either positive 
or negative charge. This charge is transmitted by re- 
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placement and not any bodily movement till it reaches 
the epiblema of the root, where to regain the electrical 
equilibrium the same ion, which has been used up 
rvithin, is taken up from the external solution. 

Lipoid theory of the plastna membrane.— Oycnon 
(1895) has been the chief supporter of this theory. He 
concluded that plasma membrane was composed of fatty 
or fat like substances, collectively known as lipoids and 
only those solutes which were soluble in lipoids were 
permeable to these membranes. Overton worked on 
aniline dyes which were soluble in lipoids. When 
these dyes were applied to the cells no plasmolysis 
occured and overtoil concluded that the dyes dissolved 
in the lijxiid of the plasma membrane and entered in 
the cell without causing any plasmolysis. 

But others have pointed out that the occurence of 
plasmolysis in the beginning, cannot be a criterian of 
impermeability of that solution because slow penetra- 
tion of the same will bring deplasmolysis later on. 

Further the chief objection to Overton’s theory is 
that inorganic salts which are insoluble in fats enter in 
large amounts in the living cells. 

Nathansohn went a step further and suggested the 
mosaic theoty of the plasma-membrane. According to 
this the plasma-membrane has a mosaic of lipoid and 
protein material. Thus the simultaneous intake of 
lipoid soluble and protein soluble substances may be 
explained but the main objection to the Lipoid theory 
regarding the entry erf inorganic salts remains valid 
against this theory also. 
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The Chemical theory.— Thh theory incorporates, 
by far, the most accepted view. Upholders of this 
theory consider that the plasma membrane combines 
chemically with the substance to which it is permeable. 
And this chemical union is i-eversible, so that the com- 
pound formed between the membrane and the solute 
in (|uestion liberates the same solute again on the in- 
side of the membrane. 

The chemical theory is further supported by re- 
searches on the temperature coefficient of permeability. 
This coefficient (Q 10) is meant to indicate the increase 
in the permeability of the membrane for each 10® C 
increase in temperature. The values obtained for Q. 
10 are relatively low (1- 1'5) for physical reactions as 
compared to the values (2—3) for chemical reactions. 
Data accumulated in connection with the Q 10 of per- 
meability experiments with plants indicate that this 
process in the living cells cannot be exclusively a physi- 
cal one. 

Some have suggested that various salts accumulate 
in the cell sap by greater expenditure of energy made 
available due to increased aerobic respiration. This is 
because cells must do work in absorbing the solutes. 
In this way movement of ions from low concentration 
in the external solution to higher concentration in the 
plant cells becomes possible. The process is similar to 
the glandular secretion in animals where it is supposed 
that dilute compounds are taken up from the blood and 
secreted in higher concentrations. 

Keeping in view the varied and perfect mechanistn 
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of ion absorption in the living cells, none of the above 
theories arc complete to explain this phenomenon. 
They are mostly limited to the range within which the 
observations have been made in each case. 

Antagonism of Salts and Balanced Solutions 

It %vas Loeb (1900) who, while working on the 
development of the marine fish Fundulus, first showed 
that solution of a single salt such as sodium chloride, 
though having the same concentration as that of this 
salt in sea water, had an injurious effect on the organism. 
But if to this solution a small quantity of the salt of a 
bivalent metal such as calcium, magnesium or even 
lead is added then the development goes on as usual. 
Thus the presence of a second substance dissolved in 
the solution of the first reduces the harmful action of 
the toxic substance. Since then it has been shown for 
all marine organisms that they perish if put on a single 
salt solution of the same concentration as that of sea 
water. The term antagonism signifies the hindrance 
which one salt has upon the toxic action of another. 
Generally speaking there exists an antagonism between 
the monovalent and divalent cations, though slight 
antagonism is also seen between cations of the same 
valency. It is thus possible to mix twq or ittore subs- 
tances in solution, which singly may be toxic but 
which in a mixture, due to antagonism reduce the 
harmful action of each other. Such a solution is called 
a physiologically bonded solution. Such solutions 
need not be good nutrient solutions, as they may not 
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contain all the salts necessary for the growth of a plant. 
A balanced solution simply indicates that the various 
salt.s are present in such proportions as to render indi- 
vidual toxic effects impossible. On the other hand a 
nutrient solution has all the salts necessai7 for plant 
growth in such proportions as to render it a physiolo- 
gically balanced solution. As to how the toxic action 
of a single salt is reduced is as yet vague. But it is 
suggested that the antagonistic cation hinders the entiy 
of the toxic salt. Osterhout to whom tve otvc a lot in 
this field of physiology has shown that marine plants 
if kept in a solution of sodium chloride isotonic with 
sea water die within a very short time. But if only a 
very slight amount of calcium chloride is added to this 
then the toxic action is reduced to a considerable extent. 
But if to this mixture some potassium chloride is also 
added then the plants live much longer and when 
magnesium chloride and magnesium sulphate are fur- 
ther added to this mixture, then the marine plants can 
live as long as they do in sea tvater. 

Practical Experiments 

Experiment to demonstrate selective absorption.— 
Put some alga in test tubes containing solutions of 
neutral red and methylene blue. Examine after a few 
minutes. It will be seen that the alga in neutral red 
has turned light red while the one in the methylene 
blue is still green. It shows that the alga absorbs neu- 
tral red but not methylene blue. The experiment 
demonstrates selective permeability of the protoplasm. 


CHAPTER VIII 



TRANSPORT OF FOOD MATERIALS 


The evolution of food conducting and water con- 
ducting tissues is correlated with the evolution of 
leaves. In the Thallophytes and the Bryophytes there 
are no well defined conducting strands for the simple 
reason that the tissues of these groups are not so well 
^lefined. It is obvious that in the case of the highly 
evolved plants the food nianufactured in the leaf must 
he translocated to other parts for its grorvth and 
future use. In many cases food has to travel great 
distances necessitating fundamental changes in the 
design of the conducting strands. 

Then again, the peculiar needs of each individual 
plant is distinct and has to be satisfied. A germinating 
seedling needs food at the growing tip of the plumule 
and at the same time the tip of the radicle requires 
food. On the formation of the first assimilatory leaves 
the entire course of the supply channels are altered and 
new supply routes from the leaves to the growing 
points are opened. On the other hand, in a corn plant 
when the ears arc formed the food manufactured in 
the leaves travels upwards or downwards, as the case 
may be, to nourish the young fruits. In all cases, 
hotvever, the food in the leaves first travels dotvn to 
|he node front whence it either goes up or down. 

' ' . no 



In mature plants where growth has ceasea an tut. 
food goes dotvnwards and accumulates for the next 
seasmi’s growth. After the winter cessation of 
^lonih, trhen it again bursts forth into activity, food is 
carried from the branches, trunk and roots to the 
OTowing ljuds. But when leaves unfurl, they begin to 
manufacture their own food and thus alter the supply 

routes to these growing points. 

We have now to study these supply routes and 
ihe way they function. Malpighi (1679) tvas the first 
to have noticed that crude sap ascended through the 
wood to the leaves where it was in some way changed 
and tlnm passed backwards through the outer tissues 
lo regions of storage or growth. He v?as led to this 
conclusion by his brilliant idea of conducting ringing 
experiments irhich even today forms an e.ssential 
experimental method, to the study of this problenn. 
Hales (1727) also carried out ringing experiments and 
suggested a flow and ebb of sap through the wood. 
Knight (1801) showed that tissues below the ring failed 
to gi'oiv unless a shoot or leaves were present, thus 
proving that phloem was responsible for the down- 
waid movement. He showed also that a coloured 
Mdntion travelled up through the xylein. The con- 
tusion as to the upward movement through the xylem 
was substantiated by the facts that (1) large quantities 
of water arc absorbed from the soil and through tlie 
xylem vessels conducted to the leaves and there eva- 
.,1 f9\ rnlnnrrd solution applicd at one end are 
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leaves and (a) cut stems often exude 
various salts and sugars. The argume 
ward movement of food material i 
ringing experiments. The bark of a i 
up to and including the phloem : 
When such experimenl 
accumulated above the 
could not pass doivnw 
plants also showed i 

Dixon and Ball (1922) found 
teins in the wood 


leu rood materials 
thereby that they 
'ards through the xylem. Such 
more growth above the ring. 
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Pig. 01. Graph showing concentration of sugars in sap Irom Lari 

(including sieve tubes), leaf, and wood. 

(Redrawn from Mason and Maskell). 


vhile only a small strip of xylem was enough to 
transport adeejuate quantity of water. 

He also divided stems whereby water was supplied 
to the top by one set of roots and nitrogenous materials 
by another, tvhereby he showed that nitrogenous 
materials were not transferred through xylem. But if 
xylem rvas connected by a strip of phloem then norniai 
translocation took place. 

Weevers (1923) used variegated shoots of Jco. 
With the complete ringing of the yellow shoots no 
growth took place, as shoots were unable to nianutac- 
ture their otvn iood. But with partial ringing growth 
was visible. Ringing the green shoots had no effect 
uj>on growth. Thus showing that phloem is the 
channel for transport of food. 
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Mason and Maskell working on cotton planu 
made an analysis of bark, leaf and wood separate 
ly. The results are graphically given on page 167 
The graph shows that the movement of the car 
bohydrates in the leaf and bark synchronizes; (sieve, 
tubes are included in the bark) indicating that phloem 
is the channel for the transport of food. 

A theory put foward by Munch (1926) and b) 
Crafts (1931) tries to satisfy both the previous views, 
d'hey show that both upward and dmynward transfer- 
ence of organic food material takes place through 
phloem and the upward movement of salts through the 
xylem. As all the above theories are mostly based on 
ringing experiments it mav be aHvanta fr/ar 1 tri c f ■ *.» - 


Jactcet fiiieci 
with water 


,Bark and 
phloarri r©nnov«4» 


Fig. 62.— Diagram showing the arrangement of a ringing experiment. 

as to hotv such experiments are pcrfoimed. For these 
expel iments a plant is taken that has collateral bundles, 
i.e. phloem on one side only. Then with a clean sharp 
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knife two circular incisions are made at a distance of 
one to inches irom each other. The bark is then 
carefully removed (Fig, 62). Care should be taken while 
making the incisions not to injure the hard xylem 
tvithin. After a few days the carbohydrate contents 
altove and below the ring are examined. 

Some criticism has been levelled against tliis proce- 
dure for due to drying up of the exposed xylem vessels 
the experiments may be vitiated. To overcome this 
difficulty a glass tube filled with water is jacketed on 
the ring. 

Practical Experiments 

1. Ringing of the tioig.~Two cuts about an inch 
apart are made in the lower part of a Croton twig. The 
soft outer tissue of the stem between these cuts is 
removed so as to leave only the hard wood portion of 
the stem for this distance. • The twig is then put in 
water. After a few days it will be noticed that below 
the injury the development of buds and new roots is 
very slow whereas above it new roots are rapidly 
formed. This shows that food passes down chiefly 
through the soft outer region (phloem) of the stem. 

2. Cut a L.S. of Coccinia stem. Treat the section 
with Millon’s reagent. Put a cover slip over the 
section and warm gently. Protein granules are seen 
coloured red in the sieve-tubes. 

Gut a T.S. of the Cimirhita stem. Note the bi- 
collatcral bundles. Examine the sieve-tulres and sieve- 
plates. Treat the section with iodine solution. The 
starch grains in the sieve-tubes and sieve-plates are 
stained dark blue. 

The experiments 2 and 3 show' that the protein 
and starch are transported through the phloem tissue. 


CHAPTER 

•T; - 

GROWTH" 

■ti- 

, A permanent and^irrevefsible increase in form is 
growth, i.e., growth is the- final expression of a success- 
ful metabolism. According to F. F. Blackman it is the 
“Finished protiuct of the metabolic loom”. A 
living cell must be supplied with both food and energy 
f# it to glow. Thus both the anabolic and the 
catabolic sifles of metabolism are necessary. It is 
obvious, however, that the anabolic side of metabolism 
should be in excess of the catabolic. 

-,g. 

THE Stages of growth 
The Growth OF Unicellular Plants. 

. the study of growth 

IS the buet^’-ers’ yeast. If a few yeast cells are put in 
a mineral nutrient solution containing sugar they start 
g?nwng. When a definite size is reached a daughter 
cell is budded off. The small daughter cell now starts 
growing till finally in its turn it buds. The time taken 
for a cell to grotv till it reaches the budding phase is 
called the generation time. This varies with varying 
external conditions. But in normal cases the genera- 
tion time is about an hour. 

1 he divisions of all the cells in a culture solution 
will, l|owever, not be simultaneous as all the cells will 
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not be of the same age. Thus, while some cells will 
be glowing others will start dividing. On an average. 


Fig. 63.— All yeast cell. 


the total number of cells in the solution will be 
doubled at the end of each succeeding generation time. 
This unrestricted groivth of the colony will go on till 
the food supply becomes limited when it will slow 
down and ultimately cease altogether. 

We thus see that there are three stages in the 

growth of free cells: — 

(1) The stage of the tUvision of the cells at 
which they are multiplying fast. 

(2) The period of enlargement during wliich 
increase in size takes place before they can 
divide. 

(3) The senescent phase in which for one reason 
or another an increasing number of cells 
become inactive. 
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The Growth in Higher Plants. 

In the vascular plants all the cells do not participate 
in growth. The greater part of the plant coasists of 
mature cells which have ceased to grow. Here growth 
takes place only at the meristems e.g., apices of sterns, 
root tips, cambium and, in the case of monocotyledons, 
at the base of the internodes and at the sheathing leaf 
bases. 

The cells of the meristematic regions are. as a 
rule, small and have no vacuoles; they are thus com- 
pletely filled rvith protoplasm. The nuclei are com- 
paratively large and are centrally located. The cell 
ivalls are very thin and, according to Priestley (1929), 
are the channels of transport for the food supply to this 
tissue. Here soluble proteins are carried from other 
parts of the plant and these are synthesized into living 
protoplasm. When the mass of the meristematic cells 
has reached a certain point, cell divisions follow. New 
cell-walls are now laid. This is the first stage uiz., 
the formative phase of growth. 

The second stage of growth now follows which 
IS the phase of enlargement. This stage is characteris- 
ed by the appearance of vacuoles in the protoplasm, 
which get filled with a watery content, the cell sap. 

.4t first they are small, enlarging rapidly later on. 

I he process of cell elongation is due to the osinotically 
active substances present in the cell sap. These attract 
water resulting in an increased tuigor of the cell, 
which consequently enlar^s. This goes on till, due 
to I the dilution of the cell sap, the osmotic pressure 
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decreases and finally equals the inwardly directed wall 
j)ressurc. When this stage is reached the suction 
pressure becomes zero and elongation stops. 


A 


B 


Fig. 64. — Diagram showing growth regions of a root tip; 

A, region of maturation; B, region of enlargement; and c, 
meristematic region. 

Recently, Ursprung has shown, however, that 
during the period of elongation the cells, on the con- 
trary, have lower osmotic pressures than the maturer 
cells; but they have an increased suction pressure. 
This can only happen if the turgor pressure decreases 
by a rapid growth of the cell-wall. This has been 
shown to be the case by many. In this second sta^ of 
growth the increase in the amount of the protoplasm 
is replaced by an augmented growth of the cell-wall. 
This causes a diminution of the turgor pressure wklt 
the consequent increase of the suction pressure causing 
the elongation of the cell to take place. 

This is now followed by the third and last stage 
of growth, e.g., the phase of internal differentiafinn. The 
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thin and Stretched wall now grows in thickness It 
may now become a sieve-tube, a tracheid or any other 
of the numerous types of cells that compose a plant 

• The internal factors that control this dilfercmiation 
remain unknown at present. 

Growth Regulating Substances 
During recent years it has come to be generally 
considered that the growth of plants is promoted liy 
certain substances other than the inorganic and organic 
substances necessary for plant Hie. llicse arc known 
collectively as growth regulating substances, because 
when applied in suitable manner and in the correct 
amounts, they will increase, inhibit or otherwise alter 
in various ways the subsequent growth of plants so 
treated. This group of substances includes the plant 
hormones, vitamins and auxins. The term plant hor- 
mone, when used in its restricted sense is a substance 
which being produced in any one part of the organism 
IS transferred to another part and there, influences a 
specific physiological process. According to this inter- 
pretation It does not include many synthetic substance.s 
which have not been .shown to be plant products yet hate 
a physiological activity similar to that of the 
natuial substances. Plant /mrmfme.v-synonyinous 
With growth regulating substances-might be defin. 
ed as organic .substances other than the traditionally 
recognised energ>: supplying substances. which 
regulate physiological functions in plants. This 
definition includes synthetic as tvcll as natural 
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substances, vitamins as well as hormones, growth 
inhibitors as well as growth promoters. Kogl and 
Haagen Siaii on the other hand suggested the term 
‘ auxins ’ for such substances which bring about growth 
by elongation and which can be measured by the curva- 
ture of the A vena coleoptile. Hence naturally occuring 
as well as synthetic substances may be auxins as long as 
they bring alxtut growth by elongation. 

When seeds of cereals e.g., wheat, barley, oats etc. 
germinate they send up a tender hollow spike called the 
coleoptile inside whicli are the first true leaves. I'his 
coleoptile is very sensitive to external influences. If it 
is grown in dark and exposed to sunlight for a fraction 
of a second it will curve towards the direction of light. 
Boysen Jensen discovered that the coleoptile of oats loses 
its power of responding to the stimulus of light when its 
lip is cut off and this power is restored by replacing the 
cut off tip on the headless, coleoptile. Padl confirmed 
Boysen Jensen’s findings and obtained the first indication 
that the tip of coleoptile normally produces certain 
growth regulating substances. These, when formed at 
the tip, descend in the growing organs causing them to 
stretch. When the tip is cut off then the elongation of 
the lower portion 'decreases considerably and is accele- 
rated only when those tissues are regenerated. If how- 
ever, the severed growing tip is fixed again on top by 
means of water or gelatin the elongation of the cells 
increases. This shows that these growth regulating sub- 
stances can pass both throu^i water and gelatin. It has 
been further shown that when cut ends of growing tip.? 
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are placi^I oil gelatin (for i§onw hours and then the g 
is put;on the severed etump rapid elongation of tin 
takes, place.,: 

In addition to the coleppfeile& of tlie seedlin 
various.^ains these. substancesi have been obtained 
other iplaiu souofces e.g., seedlings ,(rf various odier s} 
of plants, buds,,root tips,! leaves.., green algae, va 
fungi and bacteria. 


: . ■ CHEAlISfRv: ,OF , AuxiNS 

I hese substances have: actually bei 
identified by iCogland his coworkers. i 
suggested the term V 
guishedi three auxins- 
Auxin, a 

CjgHgftOi 

three sytetances 
which,., they , ;>vere first .isolated by ;Kdgl. 

^ ^ Be^idPk ith^ dtrpe: c^uxwsj iiiiphco 
and ^ Wileoxon. showed , that - similan gr 
properties are poswssed-hy numeaws,sy 


en isolated and 
I ' Kogl who first 
auxins j” for, these substances distin* 
~auxi® ,a^, auxin fo and 'hetemauxin, 

has, the chemkahfortnula CjgHgPg, auxin h, 
i and(heteroauxiii, , CigHgOgN. All these 
were, fouirfdo occur , in mrine ilrom . 
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in increasing the osmotic concentration, or the auxin 
tiirccily increases the elasticity or plasticity of the cell 
u'alls leading to an increase in suction pressure witliouf 
i!k- need for an increased osmotic concentration. 

Recent Develoicments in the Kno\vi.f,ix;e of 
Growth Regulating Sijbstanci:s 

(i) Rooting of cuttings.—'Dm'mg tlie past two de- 
cades the grotnh regulating substances have Ijeen vari- 
fuish' used for modifying vegetathe and reproductive 
giowth of the plants, rhus by the applicatioii of some 
suitable grorvth regulating sidistanccs root formation 
uiay be initiated with greater certainty on the cuttings. 
Plants, ■which are hard to root can often be induced to 
root by atxxin treatment and thus this becomes, an easy 
soiuxe of vegetative propagation of horticultural and 
ornamental plants. Besides this, it seeds are treated 
with growth promoting substances during the t ime of 
germination, they will in many instances react like stems 
and produce extra roots which subsequently enable them 
to develop more rapidly than normal. Although auxins 
promote the formation of roots the actual growth of the 
fm-med roots is rather prevented by it. Recently it has 
been suggested that auxins in extremely low concentra- 
tioti may accelerate root growth. Tiius the difference in 
the behaviour of stems and roots towards these subs- 
tances is a nial ter of optimum concentration only. 

(i?) Partiu-nocarpic fruit fonHa//on— Similarly fruit 
formation without pollination (parthenocarpy) may 
also be artificially initiated with the help of these hor- 
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mones. In this process the stamens are ren 
the flowers and the style and stigma cut off. 
top of the ovary a drop of hormone solution 
This starts growth in the ovary without the 
cess and seedless fruits are formed. 

(Hi) Bud inhibition, 
another 


■The development of buds is 

important phenomenon in the life of the plant 
that is controlled by growth regulating substances. When 
a growing shoot is pruned it is usually seen that the 
first bud below the cut surface sprouts veiy quickly. 
This bud could not develop earlier because the rapidly 
growing apical bud prevented it. The explanation for 
this suppression of the gi’owth of the lateral buds is 
this that when buds develop they produce far more 
auxin than is needed for their own growth and the 
excess diffuses down into the stem below. There it 
has the curious property of preventing the development 
of younger buds either directly or indirectly. This 
property of groxvth regulating substances is being wide- 
ly used to prevent shoot development in Potato and 
delaying the development of flower buds and leaf buds, 
to prevent them from growing out xvhen there is a 
dztt^T of frost damage. 

(iv) Prevention of preharvest fruit dro/A— Some- 
what Similar to the prevention of lateral but! dcve- 
fopment is the prevention of preharvest fruit drop. 

e fruit drop is caused by a premature development of 
an abscission layer, .which is a specialized layer of cells. 
si|^d at the base of every leaf and fruit. It xvas 
Eodptl that the development of abscission layer could 
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be controlled by ihe use of growth regulating subs- 
lanccs in somewhat the same way as it prevents the 
tievclopment of cell layers in growing buds and thus it 
delays the dropping of the fruit. These substances 
although they prevent preharvest fruit drop do not 
delay the ripening processes which proceed normally or 
even at an enhanced rate. 

(w) Weed control. —Some of these substances have 
the curious property that they are toxic to certain plants 
and harmless to others. Fortunately they are toxic to 
weeds and harmless to cereals and thus trcTnendous in- 
terest has developed within the last 3 years in the use of 
such substances for tveecl control. 

The Nature of Growth Curves 

It was Sachs who on the basis of growth of plants 
or parts of plants was able to establish the law of the 
grand period of growth. According to this the growth 
rate is at first slow, then it rapidly increases, and finally 
ceases altogether. The measurement of the growth 
can be represented graphically by two distinct curves, 
viit., S-shaped curve which gives the change in the total 
length of the plant or a part of its organ, or by a curve 
«)i increment. These are shown graphically in figures 
65 and 66. 

The S-shaped curve (Fig. 65) shows that the in- 
crease of the total length of the plant is at first slow then 
it rapidly increases till finally it assumes a horizontal 



Fig, SS.—Curve lliustrating the rate of incremei^ii in growing orsrin;* 

the intitial capital, the rate of interest aii4 the time tlu 
money is accumiilating. Thus the dry weight of a 
plant will depend upon tlie dry weight of the seed, the 
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position which means that the maximum dongatioji lias 
been readied. While the curve of intrenunt siaij. 


Days 

Fig. 65.— Curve showing elongation os' planis. 

from zero and dien rapidly rises to an 'ipiiniuni jic.il 
and finally comes clown to zero (Fig. 6(3). 

V. H. Blackman has attempted to give a nialheina- 
tical formula to this process. He applies the com- 
pound interest lazv. Here the amount of money accu- 
mulated at the end of a certain period ivill depend u{)()n 
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percentage increase in the dr^- weight and the time 
during which the plant is increasing in weight. To 
find the percentage and growth per day Blackman 
applies the formula, 

where A is the final weight; a, the initial weight; r. the 
average rate of interest; t, the time, and e, the base of 
natural logarithms. Changing this formula to a loga- 
rithmic one and converting the natural logarithm to a 
decimal one, one obtains as follosvs;— 

or Aja—e’' 

taking the logarithm to the base e we get. log, Ajd—ri 
reducing it to base 10, we have log, 10. logj,, 
i.e. 2*8026 log 10 Aja—rt 

From this it is easy to compute r, all other factors 
being known. 

Blackman’s law, however, can only apply to the 
first phase of the growth rate which is the phase of 
rapid growth. In the second phase where retardation 
of growth rate sets in the law cannot be applicable, and 
as it is difficult to determine the exact beginning of the 
second phase, his law can only be applicable in a very 

limited way. 

Robertson, however, puts forward the vimv that 
the growth rate is of the nature of monotnolectdar 
autocatalytic reaction. An example of such a reaction 
is found in the hydrolysis of ethyl acetate to give 
acetic acid and ethyl alcohol. 

CHgCO.O.CaHs -r HaO CHgCOOH -1- C^HsOH 
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The acetic acid formed acts as a catalytic reagei 
and thus the rate of the reaction goes on gatherir 
speed. Robertson applying the above case to growt 
concludes that in any particular growth cycle th 
p-eatest increase in weight or volume in any unit ( 
time takes place when the total growth cycle is half con 

pleted. Such a growth cycle will obey the foilowin 
formula ■ 




■/-A •* 

where x is the length of the plant in mm. at the coi 
pletion of t days; A is the total length of growt 
attained during the cycle; k is a constant of the cycl 
and is the time at which the growth rate is fastes 
i.e. when the cycle is half completed. 



GROWTH 


Taking a hypothetical case of the growth of a 
seedling let ns assume that the following obsert aliens 
were made: 


where / represents time in days and x rejiresents the 
growth in mm. in time t. 

This is graphically shown in Fig. 66. 

I.ct ns now test whether Robertsotrs lot mula 
holds good. First the maximum growth rate is ast:cr- 
tained as follows:— 


substitutini; the value oE d 


from the above observation chart, i.e. 94, wc have 


Velocity of growth say » is 


For a maximum 
fc(94-2a*) , 


1 
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! ■ : ' ] 
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:.v.. growth rate of the plant is most rapid when the 
plant measures 47 mm. which is half the total growth 
hi a cycle, and this is on the completion of the fourth 

• lay. i.e. /j=4. 

Now the value of the constant k is arrived at as 
'ol’ows. 

Robertson’s formula being log ~A(f ~ /j), sub- 
stituting the value o{ A and t, we have 

, 1 , X 

" t-4 

I.et us now ascertain the values of k when /==1, 2, 3 etc. 


Days i Growth 


*= 7^4' 


r-T ..f 


•5547 = 


•5472 [= ^ lo. 


1 , I'l 

.3-4 94-27. 


1 , 80 ] 
9-4 i‘'*^.94-8o! 

1 , '^'88 1 

■r-4 94-^8] 

L 1 '] 

8-4 Oi-OHJ 


Ma&n value of 
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Let us now test this value of k from figure 66 which 
graphically represents the growth of the seedling. 

(1) For instance, what will be the value of x, i.e. 
die growth of the seedling at the end of 2| days? 

Log g^^-~=‘427 (it- 4), where < = 2l 

=•427 (-3) 

= -•64 
i.e.=F36 
= log '229 

^ — .Mrt _94x“229 

(2) Similarly the value of .% at the end of^: 5| days 
is as follows: 

Log -^^^=-427 (6i -4) 

=•641 ••■ 3;=76-5. 

(3) Similarly the value of x at the end of 7| days 
is as follows: 

= r494 
3;=9r(Kl. 

riiese calculated growth values at 2|, Bh and 7| 
days are showm in Figure 67 by small cross marks. 

1 hey are close approximations to the actual growlh 
curve. 

But it is not always correct to compare the growth 
rate of a plant of one species with another, because the 
length of growing zones differ in different plants. 
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For instance, in the case of certain aerial roots the 
length of a growing zone may be as great as 1 meter. 
For roots in general it may be from 5— 10 mm. Again 
in bamboo, growing zones are sevferal centimeters while 
in Botrytis it is only about -20 mm. But bamboo shows 
only twice the growth rate of Botrytis if calculated as 
elongation per minute as percentage of growing zone. 

The true rate of growth is defined as the growth 
of a unit of length in a unit of time. 

Measurement of Growth 

Several types of apparatus are available for 
measuring growth viz., (a) horizontal microscopes, 
(6) auxographs and auxonometers, (c) crescographs, etc. 

(a) The method of measuring growth by the 
horizontal microscope consists in focussing the mi- 
croscope (Fig. 68) upon the g'owing organ such as a 
root tip, previously marked with India ink. These 
marks are made at definite distances and the increase 
in the distance can easily be read off by the microscope. 

(})) Auxographs and auxonometers usually give an 
enlargement of 20 to 40 times and arc of various 
designs. The simplest auxonometer shown in Figure 69 
consists of a long counter-balanced pointer the free end 
of which moves along a large graduated arc. At the 
fulcrum there is a pulley over which a thread previously 
attached to the tip of a potted plant passes and a weight 
is attached to the free end. As the plant elongates the 
magnified growth increments are read directly on the 
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graduated arc. The self-recording auxograph is more 
or less similar in design, but has a number of pulleys 



Fig. 68. — Horizontal microscope. 


and wheels to magnify the growth rate which is record- 
ed on the surface of a revolving drum covered witli 
smoked paper. 

(c) The elongation of a plant ordinarily is 
very slow being about I / 100000 inch per second. 

P. 13 
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Thus even with highly sensitive auxonomeurs <juick. 
changes in growth rates cannot be detected. Busc has 


Fig. 69.~— Diagram of a simx.)le auxonometer 


devised several types of highly sensitive crescographs 
which can magnify anything upto 10,000 times. I'his 
he secured by means of a compound system ol t^vo or 
more levers; while the friction of the lever on the 
revolving smoked drum was removed by using a 
> smoked glass plate which was made to oscillate to 
and fro, the oscillations being at regular intervals. 
For demonstration purposes before a large audi- 
ence he also devised a magnetic crescograph which can 
magnify anything up to 50 million times. 

But however fine these instruments of measure- 
ments ^ay be, they disregard growth in thickness, 
i which is not neoessarily proportional to the growth 
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in length. Moreover, plants grow faster in dark- 
ness than in light although they are loosing matter 
instead of gaining. Thus false ideas of growth are 
anhed at when growth rate is measured in light. 
A better system is to measure the rgte at which 
the plants increase their solid material viz., to nieasurc 
the increase in dry weight. This has, howcvei;, 
one great disadvantage that the plant has to hit 
killed so that only one dcterminalion ran be taken, 
from one individual. Thus lor successive detertnina- 
tions a number of plants have to be kilictl which will 
undoubtedly lead to slight errors due to individual 
variations. But this method inspite of the atovc <lis- 
advantage has been found to be very useful and has 
been applied to a greater extent in recent works. 


Conditioning Factors 


As in the case of anabolic and katabolic processes 
there are certain external and internal factors that 
govern the rate, so also there are conditioning factors 
that govern the rate of grownh of plants. I’hc following 
arc some of the important external and iniertiai con- 
ditioning factorfi. 


External 


ition 
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Internal— 1, Determinants. (Certain determinants 
are inherited on Mendeiian lines 
which causes the offspring to be like 
the parents. A discussion of this is 
, beyond the scope of this book). 


Temperature. 

With the increase of temperature the rates of both 
carbon assimilation and respiration are augmented but 
ordinarily assimilation far exceeds the respiration rate 
and food is stored. But increased oxidation also brings 
about an increased activity of the meristematic cells 
causing rapid conversion of the stored materials into 
the living protoplasm. As protoplasm increases rapid 
divisions follow. Very high temperatures are of course 
injurious and bring about cessation of all growth. This 
is supposed to be due to the accumulation of harmful 
substances produced as a result of high katabolism. 
So that up to a certain limit enhanced temperature 
increases the growth rate which follows the Vant 
Hoff's law of Qjo, i.e. for a rise of 10°C. the 
rate of growth is nearly doubled. At high tempera- 
tures, various parts of the plant are effected in a complex 
way and retardation of growth sets in. 

Leitch (1916) working on pea seedlings concludes 
that there is a uniform increase of growth from —2 'C. 
to 29 ®C. Beyond this there is much fluctuation. At 
80 *C. and S5 * C. the enhanced grorvth rate remains 
: only for .^10 min. After this short period of enhanced 
, activity, the growth mte steadily falh for half an hour. 
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This is tollowed by a second increase showing slight 
recovery. But again after a brief period of 1 to 2 


-2 0 4 8 12 16 20 24 2^^ 32 36 

Temp.in *G. 

Fig. 70. — Diagram illustrating growth at different temperatures 
' (after Deitch). 

hours a steady but gradual fall, hour after hour, is 
noticed. From her experiments Leitch suggests the 
following main jjoiins. 


That there is a 


Minimum temperature. I'he lowest 
temperature at which growth will 
occur. 

2. Maximum temperature. The high- 
est temperature at which grow ih 
will take place. 

S. Optimum temperature. The high- 
est temperature at which lime factor 
is not involved. 

4. Maximum rate temperature. The 
temperature at which the rate is 
highest. 


|l2 

o 
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llie minimum temperature at which grotvth can 
go on may be lower than 0 ®C. as found for plants grow- 
ing in temperate regions, while plants of tropical 
countries may stop their growth below 10 °C. More- 
over plants grotving in different seasons behave differ- 
ently towards temperatures. In the United Prorimxs 
winter annuals show growth even at 2 C. and if they 
are grown in the monsoon season they show signs of 
‘forcing’ and are weaker and in many cases never 
flower. 


Dormancy. 

in the cases of certain seeds, germination will not 
take place at once even though external conditions may 
be very favourable. These seeds undergo a period of 
dormancy. This may be due to the incomplete deve- 
lopment of the embryo, which goes on developing after 
the seed is shed on the ground. In other cases the 
seeds may apparently be fully developed, yet certain 
physiological changes go on, such as the formation of 
the enzymes, etc. which delay development. Lastly 
environmental factors may effect germinatioji e.g., tem- 
perature. I’emperature not only effects the germina- 
tion of seeds, but buds and branches of many trees under- 
go dormancy in winter. In this condition respiration 
goes on thougii at a very slow rate. Such dormant 
buds, if immersed in water at 30 °C. for 9 to 12 Iwurs, 
will again show vigorous growtir. I'he effect, however, 
of sucii aTreatment is purely local and it has been seen 
that while the branch on one side of a tree may 
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! s!)fnv \ igorous growth the untreated side remains dor- 
ruant. 

[ Various methods have been used to overcame 

(lorinancv oi different plant oi'gans such as stems, liibers 
mul chiefly the seeds. Raising for lowering the tem- 
jjtrature. as mentioned above, or desiccation for break- 
ing dormancy have been used in the cases ol sterns and 
bratirhes. Solution of chemicals like acetylene tetra- 
1 (hloride. ethylene chlorohydrin, ether-, chhrrolorm 
have been very widely used for all type.s ol plant otgans 
(or breaking dormancy. In numerous cases ethylene 
and hydrogen siil]rhide gases have been empltrycd with 
success. Much work has been done regarding over- 
coming the dormancy of potato tubers. Appletnan 
(1918) has noted that the buds (so called “eyes") ol 
potato, open three to six weeks earlier than otherwise 
when treated with suitable concentration of ether or 
chloroform. 

.1 

I JGHT. 

Unlike suitable temperatures light is not such a 
necessary factor for plant growth. In fact certain 
lower organisms complete their life cycle in the total 
ahsence of light. On the contrary, higher plants need 
light lor the balanced functioning of their metabolic 
activities. In the total absence of light the stem 
Iwecomes elongated, the leaf blades become thin and 
loose their chlorophyll. Such plants are etiolated. 

For the study of etiolated plants potato affords 
the best example as it contains considerable amount of 
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darkness. The stem as shown in figure 72 becomes 


Fig. 71. -Normal potato plant. Fig 72 -Trtinw , 

ig. 72.^EtioIated potato plant. 


elected „d the leaves are thin and devoid of chW 

■•Ml. A tramvene section of the lamina (Fig 73, 

nows i^rl, developed palisade parenchyma af al» 

■Mg%'4)°howr''' t «:«ion of the stem 

g. 4) shows poorly developed vascular bundles as 
niso the absence of strengthening tissues. 

These internal changes in the total absence of 

light are more fundamental tban 

uuaraentai than a mere inertia of the 
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rhcmical reactions as evinced by the lowering of the 
temperature. Some people thus ascribe the in!|X)rlant 


Fig. 73.— Cross section of leaves from etiolated (A) and 
normal (B) potato plants. 


role of hormone producer to light 
ther strengthened by the fact that i 


Fig. 74.— Cross section of stems, from' etiolated (A.) and 
normal CB) potato plants. 


irxjxisurcs for only 5 minutes have been sufficient to pro- 
duce normal healthy plants. A point of special interest 
in this connexion is that those rays that produce the 
maximum effect upon the photosynthetic rate have the 
least effect upon growth. Thus red light which 
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has gi'cat influence on photosynthesis lias no efl’ect 
' upon the growth rate and plants exposed to tins show 
the same behaviour as if they were in darkness. On 
the contrary violet and ultraviolet light has a great 
retarding influence upon growth. 

In this connexion Blaauw has performed a number 
of interesting experiments. For his experitnenta! 
materials he took such widely divergent plant tissues 
as sporangiophores of Piloboliis, hypocotyls of Hciian- 
//nts'and tnustard roots. He measured the growth rate 
in dull red light through a horizontal microsettpe ailci 
experitnenting with both flasli light and continuous 
light. In the case of the sporangiophores of Piloholus, 
in flash light, there was an induction period varying 
from S to 5 minutes according to the intensity of light * 
supplied. Ill this period the rate of growth continued 
to be the same as in darkness. Then follow’cd the 
primary growth reaction. Here the rate of growth 
rapidly increased to a maximum in about 8 minutes 
after which in the secondary growth reaction, the rate 
fell to belotv the rate of growth in darkness. Normally 
the time taken was about 10 minutes. This w^as fol- 
lowed by oscillatory subsidence, tvhich lasted for about 
20 minutes. Thus in about 40 minutes after receiving 
the flash light stimulus, the plant assumed the normal 
gtwth rate in darkness. 

In continuous light the response by the plant w^as 
very similar to that found with the flash light, the only 
difference being that the final growth rate, after the 
I oscillatory subsideiK« was enhanced. In the case of 
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■ ' . ■■■ ■ ■ ' ■ ■ . ' 1 . ^ 
. ■ . ■■ ■' * ' . ;*’■ f' 

ihe hNpocoiyl of HeJianthns the response was rcvcrscil. 

In flaslt liglu.. after a brief induction period tin: 


niiiiiary growth reaction was negatitc followed by 
, positive secondary growth reaction. Ihcie was 
then the usual oscillatory subsidence when the plant 
iosuined the usual growth in darkness. In contiinious 
iight. however, the final growth rate as contrasted with 
pilohohis was less. 

Blaauw found that except the uiustaid mot all 
other roots were insensible to light. The response 
of mustard root is shown to be very similar to that 
of the hypjocoiyl of Hi’lianthm. 


Watik. 


Growth is always accompanied by xiceutmilatiim of 
, rater. So its intake should be greater tliaii the loss to 
secure growth. As water is taken in by the plant from 
the soil and is lost through transpiration any changes 
in soil moisture will affect the growth rate. Ihiis the 
water condition of the plant can be altered by any one 
or all of the following conditions. 

(!) Change in the power of the soil to supply 
water, 

(2) Change in the power of tlic rtKXs to take np 
water, and 

(ff) Change in the power of the air to remove 


water. 


So that when the is lliat “ 

110 giwth. There are some forms of plants that grow 
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!" '’'7 d-n.«e while others in ntoist climate P, 
thnvtng m dry climates have structures tha hen'?™ 

;.b»rpt.o„ and hinder transpiration In ‘rf 

tamtd conditions the interaodes are genera IvTo ''t' 
™ucle thin and woody tissues less^p'r^T^ 

reverse ts found in arid conditions. The ,7, t 

mote thorns and snines nr mo^r 
This r„t th “ 

^orms leaves sll t d a^" “ T"””™ 
-iWons and the cuticle remains ‘thin. WMe I ™' 

miSr' " '"r" ” 'We is a 

coiienchymr:rd;.^:dTt;™. 


Nutrition. 

are absolutely^eslentir^to.’ Phosphorus 

substances that go to form ^Zrydmerfar ‘‘d' 

'he .rue^„dexTg;:^^ow: "'’'t■ 
vegetative or repr^uedve T 
yea" as a resrft ^ "T “ ’''cent 

literature hne j oos've researches a wealth of 

Some nf th^ ; ^ reproductive phases. 

owHned^ under ‘^o^nection are 


GROWTH 


21)5 


photoperiodism. 

, Although it had been known for a long time tlwt 
the duration of exposure to light affects growth, Garner 
and Allard (1920) were first to critically analyse the 
effect of light on plant growth. They suggested she 
term photoperiodism to designate the response of organ- 
isms to the relative length of day and night and photo- 
period to designate the favourable length of day for 
each organism. Garner and Allard have accordingly 
grouped the plants in their behaviour towards the 
length of light exposure to three types. 

(a) Those plants whose times of flowering are un- 
affected by the duration of light exposure. Only a few 
plants fall under this category. 

(b) Plants which flower by the action of short day. 
Such plants are called short day plants. The majority 
of the plants belong to this category. Some of the 
examples arc Phaseolus vulgaris, Chrysanthemitm, 
Aster linariifolious etc. 

(c) Those plants which flower as a result of long 
exposure to light. These have been designated as long 
day plants. Only some plants such as Hibiscus, radish, 
perennial rye gras.s come under this head 

Kraus and Kraybill were amongst the first to em- 
phasise that much of the differences in flowering of the 
short day and long day plants depends upon the carbtj- 
hydrate nitrogen (C/N) balance in them. Working 
On tomato plants they come to the follo\^ng conclu- 
sions:— 
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( 1 ) With a very high carboh)Tlrale /nifrogcn ratjf) 
on accomit of a small amount of nitrogen and hi?>h 
carbohydrate content there is weak vegeuui^■e growtl, 
and the plants are non-fruitful. Here ni i rogc.n 

to be the limiting factor for growth. 

(2) With a high carbohydrate/nitrogen ratio o.) 
account f)f excess of carbohydrates and some available 
mtrtigen diere is lessened vegetative growth but abun- 
dant flowering and fruit production. 

(3) Widi a low carbohydraie/nitrogen ratio on 
account of excess of both carbohydrates and nitrogen 
there is much tegetative growth but no fruit formation. 

(■1) ^\ith a lore carbohydrate /nitrogen ratio on 
account of small amount of carbohydrates but excess of 

nitrogen there is suppression of both wgetation and 
fruitfulness. Here carbohydrates become limiting. | 
_ So the presence of both carbohydrates and nitrogen 
in a balanced proportion is essential for proper vegeta- 
tive growth and fruitfulness. This proper balance of ! 
carbohydrates and nitrogen i.e. C/N ratio is achieved ^ 
with shorter expo.sure in " Short day ” plants and with 
longer exposure to 'light in “ Long day ” plants. ■ 

Nightingale (1927) and Fxkcmm (19, ‘?2) have ; 

•iiiggesied that the balance Wtween carbohvdratcs ntd 
imn^gcn is influenced by the length of exposure to ligin 
x'cause the latter affects the production of elaborated 
nitrogen in the plants. For the “ Short elay plants 
short periods of claily exposure are sufiicient for ade- 


assmpiated. nitrogen which with excess of carbo- 

'ri 'll '■ I rw; , 

Hliyv'i'i. 
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isydraics rcsiihs in iruit formation. With lotigcr ex- 
jR»surt‘S these short day plants become richer in nitre- 
gen. C/N ratio gets altered and consequently there is 
niuch vegetative growth and (ruitlessne.ss. Similarly 
long day plants get their proper amount oi elaborated 
nitrogen tvith longer exposures to light. With short 
day conditions they have less elaborated tiiirogcn and 
have poorer eegetation and fruitlessiiess. If tliis periwl 
of exposure is increased they manufacture more elabor- 
ated ninogen. jjroper C/N ratio is teached and vegeta- 
tion and frnilinlness appear. 

Recent work has shown however that to jirodiicc 
the same effects on different plants, tlie same carbo- 
hydrate /nitrogen ratio may not hold good. Thus in 
one case the carbohydrate/nitrogen ratio may be from 
4 to 6 to protluce fructification while for another plant 
of a different family it may be from 8 to 12. 

An explanation of photoperiod ism is furnished by 
the work of Lysenko on the vernali?ation of wheat. 
According to Lysenko’s theory of Phasic development 
r)f annual .seed crops there are several phases in the 
development cycle of which three phases have so iar been 
clearly identified. The period from germination to 
inflorcstnce arc included in the first and secotnl phase, 
and the third phase covers the period of prtxluction of 
gametes. 'I'he recjuirements of the first phase is sprri- 
fic temperature, of the second phase tetnperature and 
phoioperiod, and of the third phase photoperiod only. 
,\ccordingly the concept of photoperiodism can be in 
duded in his theory of phasic development. (For fui- 
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iher details the reader is requested to read the Chaotpr 
on Vernalization). ^ 

Vernalization 

I his term is used to deriote the practical agricul- 
tural method of accelerating the development of plants. 
In colder countries like Europe, there are cereals 
of two physiological kinds viz., the winter cereals 
and the spring cereals. Taking wheat for example, the 
winter varieties are sown in September or October 
They come out alx>ut 6" from the ground and then 
lemain dormant through the winter months. During 
spring th(,7 again burst forth into activity. The spring 
varieties of wheat are sown after the, winter and they 
flower and fruit the same year. On the other hand 
when winter wheats are sown in spring the conditions 
are unfavourable for the completion of certain stages 
of their development, which are thus inhibited, and 
the plants appear to remain for an indefinite period at 
the stage of tillering i.e., their growth continues but 
their development is arrested. Lysenko, the Russian 
physiologist, has however evolved a method by which he 
is able to transform the winter wheats into spring ones 
i.e., when winter wheats are sown even in spring flower- 
ing takes place. 

His theoretical conceptions are as follows:— 

(1) (>rowth and development are not identical 
phenomenon. 

; (2) The entire process of development of an 

annual seed plant consists of individual stages. 


growth 



(3) The stages always proceed in a strict sequence 
and a subsequent stage cannot set in until the preced- 
ing stage has been completed. 

(4) Different stages of development of the same 
plant retpiire for their completion different external 
conditions. 

The technique of vernalization consists in soak- 
ing the seeds in water, which transfers it from a 
state of rest into a state of active life. But soaking is 
mot continued until complete absorption of water, and 
growth is thus prevented. In the case of the transfor- 
mation of the winter plants into spring ones, the 
principal factor is the influence of low temperature. 
These partially soaked and therefore slowly germinat- 
ing seeds of winter plants are exposed to a temperature 
of about 0” C. for a period ranging from 15 to 60 days, 
after which they acquire the properties of spring plants. 
If they are sown in spring they will ear the same summer. 
This remarkable behaviour is due to the fact that 
' growth and development are not the same phenomenon. 

, Growth is an increase in the size of a plant without 
: any profound qualitative changes in the growing parts. 

While in development the plant enters a new stage. 

‘ qualitatively differing from the preceding stage and 
bringing it nearer to its final phase of life, viz., fruit 
bearing. 

Thus the cause of unlimited tillering when winter 
wheat is sown in spring, is the adverse temperature 
Which accelerates growth but not development. On 
the contrary, in a slightly sprouting wheat seed, under 

i:- F '14 : 



^ Practical Experiments 

iyiom m loo/a^lhe roots of the Narei^^ii^ n 

-n,e hours .he disLce“ SirrSTaS' 
,W ‘he distance bet,”e„ 'h 

^an^X re^r. - 

grmlh in roots by a horko 

du«d1mo?Se 1"’ 

taining ™.er. m^l"SedT. 'cVuJTI 

and the marks are focmss^H .W? i! 

P'r' &twee„“,” 

‘ ' 'hich can be measured by the microscoj 

UnXJt^7T^::r\ 

?wses round f -T ^ 

„*.i, ., .P“T®y a weight at the mi,.: 
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over a dish of mercury. Some hydrogen gas is intro* 
cliiced into the tube. Some seeds arc allowed to grow 
iu the hydrogen gas. It is noticed that no growth 
takes place, showing that oxygen is necessary lor 
growth. 

5. Experiment to show that both moisture and 
oxygen are necessary for growth.— Three germinating 
pea seedlings are fixed with pins at different levels on a 
flat piece of w’ood immersed in water in such a way that 
one of the seedlings is completely inside water, another 
is just at the level of water, while the third one is in air 
al)ove the level of water. After a day oi' itvo it is 
noticed that the seedling in air dies for want of moisture 
and the one inside ^vater also dies for want of oxygen 
required for respiration, w’hile the third one at the level 
of water continues to live as it is supplied with both 
water and air. 

6. Experiment.— Draw' coleoptiles of Barley, cm* 
phasizing the region of curvature. 



CHAPTER X 

moyements in plants 
The External and Internal Sti 

believe that p 
capacity to move, because they are fixed 
roots to the ground. This idea is, howev 
. fe movements take place in plants thou 
|lfor example, the orientation of leaves in 
movements of the chloroplasts etc. 

Unlike animals, plants have 
lavement: but like animals, these 
affected by definite external and internal 
To bring about any movement 
must be perceived. (2) it must 
‘ excitation at the region of 
mission of the stimulus ) 
of perception and movement are far 
^,?^^®80us to the ■ reflex t ~ — 
latter case, however, they have 
Plants have none of these, 
are lowli 


simple mechanisms for 
movements are 
stimuli. 

(1) a stimulus 
cause a definite state of 
perception, and ($) trans- 
must occur if the regions 

apart. This is 
movement in animals. In the 
j muscles and nerves. 
This does not mean that 
®''olved. The slosv rate 
^ Jbw degree of perception and 
‘^re indicative trf a sDeciali.<i<i>d txt-^ 
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|; that degree of development e.g., Infusoria and tht- 

I' Flagellata. As plants evolved to higher forms, the 

I characteristic mode of nutrition did away with the 
! necessity of rapid locomotion and the consequent devc- 
Inpmcnt of the complex organs of locomotion. 

: The Energy Involved in Movements.— The energy 

of stimulus has no relation to the energy of response. 
A little stimulus may produce a great deal of response. 
Thus stimulus liberates a great deal of energy which 
must have been already present in the plant. The reac* 
tion may be likened to the action of striking a match 
by which a small initial friction releases a very large 
amount of energy. In this case, horvever, the amount 
of energy obtained is not increased by striking the 
match more violently. Thus only a certain minimum 
force is necessary, anything in excess of that amount is 
superfluous. On the other hand, plant responses arc 
j increased or decreased, within a limited sphere, accord- 
, ing to the strength of the stimulus. 

; ; ‘ The response may be pictured thus:— 

i! j! Stimulation-^ obscure complex vital 
: lii phenomena -> reaction or response, i.e., movement. 

; M ; ^ Why does a plant redet in a particular way? 'the 
; answer to this query is difficult and the explanation 
leads us beyond the experimental stage. Sir Francis 
Darwin believes that the past experiences of the race 
.enables the plant to react in a definite way to a stimii- 
Ips. ; This does not imply that the plant does it con- 
ssfcipusly; or that it has a memory, as we have. He says 



^ ^ FLANT PHYSIOLOGY 

the individual acts by that unconscious memory which 
is inheritance. 

All plant movements can be classified as under;- 

MOVEMENT 


Growth movements 
(movements where growin 
. organs are concerned*) 


Autonomic growth 
movements doe to internal 
stimuli nastic 
movement 


Paratoiiic growth 
movements due to external 
stimuli e.g., tropic 
movement. 


Autonomic movements of 
variation due to internal 
Stimuli e.g., the 
telegraph plant. 


Paratoiiic ..movements of 
variation .due to externa,!, 

, „ stio,iiili e..g.,.the ■ 
Mmma plmt 

Growth Movements 

(a) Autonomic Growth Movements. 

The rate of elongation of 
other causes is 

Wen seen that the growth j- ■ ■ - 

asig-zag. This is called nutation. 

: Among other autonomic growth movements are 
the tmtic movements. Epinasty is the 'increased giowth 
on the upper,; side of an organ as compared with the 
tower.; TW:^dlit;, being the do Ward bending of 
that; organ,, as .tower ' stalk. When ' half- 
grown doe ^ kept dorm but ^ Iwhen the 


roots and shoots am ong 
dependent upon internal causes. It has 
is never in a straight line but 
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flower s« mature hyponasly i.e., more growth on the 
lower side, takes place as a result of whiclt the stalk 
straightens. 


s?rowt h 


Less growtli*^* 


Fig. 75. — Poppy flower bud (A) showing epinasty due to more 
growth on the upper side and mature flower CB) with 
upright stalk as a result of subsequent hyponasty 
■ i.e., 'more growth on -the lower side.' 


This nastic bending can be seen in the developing 
fern leaves also. 

(b) Paratonic Growth Movements. 

The two most important forces influencing the 
direction of plant growth are:— 

(\) Gravity and (2) light; a third factor (S) mois- 
ture may also play a part. 

Geotropism. 

The force of gravity is acting on all matters includ- 
ing plants. This pnll of gravity is in one direction 
only to which the various plant organs respond in 
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diver* ways. Response by such one side 
iron IS called tropism. Tropism induced 

(earth) IS called . • • 

If the growth of the 
of the earth 
tropism 
tropism, 
branches, leavi 
The r- - 

be shown by placing 
veitical. Its tip begins to i 
more growth of cells on the 
of even one degree from the 
ture. 

^^^>''0^he effect of gravity c 
are rotated, so as to get thi 
equally. A machine that 
klinostat (Figure 76). 


1 stimula 

, . by ‘ Geo 

geotropism. 

- organ is towards the centn 
as in the case of roots, it is posUive geo 
away from it, ,s in stems, it is negative geo. 
or at nght angles to this direction, as Tn 

es etc., it is diageotropism. 
reaction to the stimulation of gravity can easily 
, a young root at right angles to the 
curve downwards due to 
upper side. A deviation 
vertical produces a curva- 
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I gravity equally on all sides. But during its rotation if 
the klinostat is made to halt for some minutes at some 
I particular place then the shoot may show negative geo- 
' tropistn, because the cells nearest to the souice of gravity 
are stimulated to a greater extent than the other cells. 

The minimum period of exposure to the one-sided 
stimulus which produces curvature afterwards, while 
the plant rotates on the klinostat is called the presently 
tion time. 

It may happen that the plant may have received 
sufficient stimulus but its visible effect on one sided 
growth may take a little longer time. I’hus the 
minimum period taken by the plant to produce a visible 
curve is called the reaction time. 

Again it may so happen that a plant rotating 
on a klinostat may be made to stop for a very brief 
period after each complete revolution. This perioti 
may be so small tirat the plant may perceive the stimu- 
„ lus but may not give a visible response. The time 
! I required to perceive this minimum stimulus is called 
J j the perception time. But if time after time this stimu- 
I j * lus is given at the same place before the internal 
!j stimulus of perception dies out then the accumulated 
! effect of the stimuli may be strong enough to create a 
’ curvature or response by the plant. On the other hand 
if: the klinostat is rotated very slowly so that the first 
! ttimulus of perception dies out before the second is 
rweived then the plant will never show a response, 
ifthe time taken; for this stimulus to die out is the 
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i part, of the cell protoplasm are amphoteric electrolytes, 
a definite pH they are electrically neutral This 
is the isoelectric point which varies between i to 
pH. Suppose at ■l'5 pH in a particular case they 
carry a positir c charge and at 6-5 pH a negative charge. 
In plant cells these proteins along with lipoids cream 
up, much in the same way as the cream comes up in boil- 
ed milk. Due to this creaming up a difference in elec- 
tric potential takes place in each cell. So that each cel! 
really becomes a small Leclansch’s cell, and if it is 
connected with a sensitive galvanometer an electric 
cuiTcnt may be detected. The direction of the flow of 
the current will depend upon whether the creamed up 
protein carries a positive or a negative charge which in 
its turn will depend upon whether the pH is relatively 
alkaline or acid. 

The pH of stems are relatively alkaline because the 
carbonic acid formed as a result of respiration quickly 
escapes out in the atmosphere, through efficient respi- 
ratory channels i.e., the inter-cellular spaces, the lenti- 
|f cels and the stomata. On the other hand, rcxjts are 
relatively acid as the carlxinic acid of respiration cannot 
escape out so efficiently. 

Thus the current moves in one direction in the 
.stem and in tlic opposite direction in roots. 

When a primai 7 root is placed horizontally as 
shmvn in figure 78 an electric current is generated which 
travels in the direction of the arrows. But during the 
passage of the emrent through cell to ceil, due to resist- 
ances much of the electricity leaks out, so that by the 
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time the current re-enters the cells g< 
tricity it becomes very feeble. It is ^ 


Motor region Perceptive region 

“tfe™ Thf oL?®* to illustrate hydrion 

iBOv^s frojpfi l 0 ss positive 
passes 00 the lower side 
region* hut as it ir*OT^s, v 

nuously leaks out, so that less 

upper Thus the cells of thf] 
meaWe and show less gro 
the cells are less perxuea 
resulting m a downward 


permeable ' 

-J curvature of the root. 


»uung cun-ent increases the permeabi 
retards growth. Thus in the case of 
placed yt there will be less growth to. 
side and the tip will bend down. 

fa the stem on the other hand the 
flow m the opposite direction resulting 
on the upper side and so the stem tip wi 
1 }. , Growth Regulators.^As far back as 
the* nineteenth century Charles Darwin ; 
cases of coleopiiles of various passes that 
l^faeptipn, and thcir^u of curvature t 
salne.^ ,, }*^ 'mtkt tku -work has h^, 
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region and a responsive region. It follows, then, that 
the excitation is generated at the tip which travels 
down and brings about the curvature. I’hat there 
is no nerve mechanistn involved in this is shown 
by the following experiments. 

When the roots of Vida faha were excised at 
a distance of 2 mm. from the tips and sub.sccjnenlly 
geotropically stimulated, no response took place. But 
when the tips were replaced by sticking them with 
gelatin to the cut ends curvature was shown. Curvature 
was also shown to take place when the tip was simply 
replaced with a thin film of water. On the other hand, 
when a thin piece of mica was inserted between the tip 
and the cut end of the root no curvature occurred. 
Thus it clearly shows that some substance evidently a 
growth promoting one (see page 180), is produced at 
the tip as a result of geotropic stimulation which travels 
down to the responsive region. The most peculiar 
feature of this substance is that it causes the stem to 
react one way and the root the other way. If an excised 
tip of a stem is fixed with gelatin to the root whose tip 
has been previously removed the root will show posi- 
tive geotropism. This shows that the growth regulat- 
ing substance is the same for both the stem tip and tlie 
root tip. 


Phototropism. 

: The capacity of turning towards 
light is phototropism, or to use the < 
tropism from Helios which means sun 

1, ! i _ 
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responses, various plants and plant organs 
variously to one sided illumination, and ilie 
are classified accordingly. 

Positive phototropism is shown by cole( 
grass and primary shoots. Here the plant or^ 
towards the source of light. Negative photo\ 
shown by some primary roots e.g., mustard 
the movement of the root away from th 
of light. Most roots, are, however, insensibh 
action of light. 

Diapholotropism is shown by leaves; it is i 
tation of the leaves so as to be perpendicuh 
•source of light.. 

In plant parts of the category of hypo< 
Sunflower which shows negative primary ligh 
reaction (refer page 202) there is positive ph 
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place towards the source of light. This is due to the 
sporaiigiophore acting as a lens whereby light, is con- 
centrated on the wall away from the source of light. 
There is, therefore, more gi'owth on the distal side 


lesuiiing in positive bend. 


T JJ 


Pig. 79.— Diagram illustrating the positive anti negative phototropie 
reactions in tissues having negative light growth reac-^ 
tion. Note that in (A) the cells act like lenses and the 
rays converge, illuminating the distal end more strong- 
ly; thus the organ bends away from the source of light 


As in the case of geotropic response, here too, the 
region of perception and the region of response are 
different. It has been shown in the case of seed- 
lings of certain cereals that when they arc kej)t in a 
phototropic chamber ihe hypocotyl will form a distinct 
curve and the tip of the plumule will be directed towards 
light. It has been shown, however, that the plunnile 
alone can perceive the light stimulus while the liypo- 
cotyl responds to this stimulus. If a black paper is pur 
to cover the plumule and the hypocotyl is exposed to 
light no curvature will take place. But if Iiypocoi} ! 


■ 

■ 


If 


! 


B 
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is covered and the plumule is exposed then the curva- 
ture of hypocotyl will take place. 

Thus a leaf blade perceives a stimulus but the 
petiole responds to it. It is possible that a unilateral 
exposure to light causes certain inhibitory substances 
to appear in the organ of perception which descends to 
the growing zone and produce a retardation of growth 
on the exposed side. 

As has been shmvn in the case of gcotropisni. these 
growth regulators are definite substancc.s which diffu.se 
to lower organs not only through living cells but also 
through such substances as gelatin and water. If mica 
or tin is placed instead of gelatin then there is no 
transmission of stimulus. So that here it is not a case 
of transmission of electric charge but of diffusion of 
chemical substance. 

However, electric polarisation of the cells takes 
place by unilateral illumination. The illuminated 
part receives the negative and the shaded the positive 
charge. Thus the current of growth promoting subs- 
tances is shifted towards the shaded side. 


Hydrotropism. 

ft; 

ji jMovemcnt or curvature of a plant organ towards 
TOber partidei.^is r^krred to as hydrotropism. This 
cain be, d^monatoted; i^sily .with the 'germinating seed- 
},ings of iiM,^ , _soaked in water the previous 

night ;» &|j^ipD;‘^,wkf^-ga'ure covered with moist satv 
dnst slanting in a. humid 
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A.fter a few days the radicles will lx; 
avds the moist saw dust (Fig. 80). 


-Wh# 


Root of"" 
aewSlingt 


Fig. 80.-Experiment showing the hydrotropism of roots, 
Chemotropism is the movement of plant tow 

chemical substance e.g., the growth of ^ 

Ss an ovule which secretes a sugaiT substance 


(a) Autonomic movements ur 

A very fine example of movement under this he 
is afforded by the telegraph plant Desmojtum gyra 
Given normal external conditions the lateral leaflets 
this plant shows a continuous rotatory movement in 
ellipsoidal orbit. Very little detail is known conce 
ing this type of movement. , 

( b ) Paratonic Movements of Variation. 

The well known example of this movement 
,SonM by the seoMtive jJant. AfimoM Imd.c.. 
Ucemmonly found on the lo«r almu.lcs of 

and often grpwn on the phuns as pf; 



I '■ * * 


7'" compound leaves a. 
“ is a «nali suo,! 

' joins the leaf to the sle.., 

' ^ ^orge pulvimis. 

« applied to a leaf . 
Sogers the three staps ; 
and response are clearlv iUu 
"> *e affected tip fio 
Jiation ,s next conducted t, 
n closing in pairs one afte 

7. “>e main leaf stalk dro" 

as a hinge. ^ 

efficiently strong, it jg 
It starts from the bottom 
«e stimulating effect k 


section of 
; ■ ; , ■ ‘ , attewhed to 


Ae.pulyini in each case 
to the stimulus.' 
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Figure 81 shows a sketch of longitudinal section 
through a pulvinus. 

The vascular bundle passing through the piilvinits 
roughly divides it into an upper stable and a lower 
sensitive half. The lower part has also delicate hairs. 
If the hairs are touched roughly with the fingcr.s. then 
the sap from cells of the lower half of the pulvinus gets 
injected into the inter-cellular spaces causing these 
cells to loose their turgor. The normal {>osition of 
the leaf stalk is a resultant of the osmotic forces of 
the upper and the lower halves of the pulvines. So shat 
when the lower half looses its turgklity its power of 
upward thrust is lost and consequently t!u* leaf stalk 
drops. 


2.— Diagram to illustrate the impingement of ions on the 
cytoplasm lining the vacuole (B) where they are 
withheld when excited; A, unexcited cell. 


The causes for this loss of turgor of the cells of 
the lower half of the pulvinus is not fully known but it 
is now believed to be due to a hormone which excites 
the cytoplasm. The excited cells then tviihhold the 
osmotically active ions (rf the sap when they impinge 
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on the protoplasm during their kinetic flight Th. 
when these solutes are withdm™, the osmotl 
falls and the water gets eieri^ n 

-over,, the solutes ^rt ^S^l, reSsTd ;re t' 

L interceTutla™"’”"' ^o,n 


Practical Experiniints 

whiVh' i potted p 

which has a hole on one side. Aft 

observed that the growing tip with 

bends towards the hole through wl- 

-ipSrr— Aponedp.^ 

■»! stem 

.noisf.oiltn™7^“”SfS;; 

K .ff ^ ^^^«'«^rds due to _ 

^ f te ^en again to ben? 

Thw show that roots are j 

Experiment to show that ' 
am! 

:0 .'onic ,no„t sawdust and seeds are 

I;::,':7,"™'««<““i>-sidesb7 

a.vl Xwm„X 

iocLork rots'^'* which on^t 

sr wo-'-" |Olates on Its own axis. If the 

' »<nxm me stem will bend uowatS' 


plant IS pur in a liox: 
Iter a few days it i$ 
-h the younger leaves, 
diich light is coming. 

snt is put in a hori* 
growing tip is found 
is negatively 

am ^/■^.Srerminated in 
■ oo). U IS seen that the 
iwittve geotnopism, but 
up to^rds the moist 
iitively hydrotropic. 
roots are positivel^^^ 

germinated there.' 
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tdll KO downwards. But if it be slowly rotated then 
the plant will continue to grow Iteatise 

rich side of the axis is m turn directed downwards. 
M very rapid revolution, however, a centrifugal force 
will be developed and the roots will bend obliquely 
outwards and the stem obliquely inwards, 
t ' ‘v ’ vertical-h few seedlings are attached to the 
.^'torX oi the vertical klinostat. growth will be 

normal if the machine, is -.not, moving. If tjte cork 
rotates so that the cenmiugal force and tltc force of 
p-avity are equal, then the roots diverge to an m§e ni 
|j4«» and the stems converge at an angle of 45 t. But it 
the wheel is rotated more rapidly, the centrifugal force 
will he greater at the periphei7 and roots wtU become 
ouite horizontal. 
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The meaning of a zero index. 


Since — ssa""" 




■ ff, 

i,e., any number raised to the power zero is eijual 


Logarithms: 

If « be any number and x and n two other numbers 
such that a n, then x is called the logarithm of n to 

the base a and is wwiiten log^ n=^x. 

The log of a number to a given base is, therelore, 

the index ot the power to which the ba* must be 
raised that it may be equal to the given number. 

10®=100 ••.2=logiel00. 

Common logarilhms.-ior ordinary calcuktion 
purposes logarithms are used to the ba^ 10- Thus, 
if m =logio^, it is simply written as log the base 
10 being understood. Such logarithms arc called 

coMtuon logttithins* 

; Napierian logarithms--While ordinarily logarithms 
are used to the base 10, it is sometimes convenient to 
Te h to the base where e «2-n82B .... This system 
of logarithm is called the Napierian system. It can be 
easily converted to the common logarithms. Tht 
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H-ION CONCENTRATION 


A normal solution of any acid is defined as one 
containing one gram of Hydrogen or its equivalent dis- 
solved in one litre of water. Accordingly the weights 
of HCl. HNO3 and CHgCOOH or any other mono- 
basic acid contained in 1 litre of normal aci<! would be 
the respective molecular weights in grams. 

HCl = HNOs = m ; CH.COOII 

In he case of dibasic or tribasic acid, it will be the 
molecular weight divided by 2 or 3 respectively. 

H*S04 HsP04 ^ 
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In fact about 97% of the H in a O OOI N solution 
of HCI IS ionized and only 84% in a Normal solution 
while m O-ooi N acetic acid, not more than is-ao/ ^ 
the H IS ionized. Thus the two have the same normal- 
tty e.g., the alkali neutralizing power is the same, but 
the percentage of ionized H is seven times as great in 
HCI as in that of CH 3 COOH. 

1 he reason why the feebly ionized CHgCOOH 
ultimately requires the same quantity of alkali as the 
strong HCI is due to the fact that as ilie hydrogen ions 
in the acetic acid are neutralized a fresh quantity of' 
unionized H becomes ionized to take the place of those 
which have been neutralized. To preserve equali- 
brium as illustrated below in the application of Law of 
mass action. 


It IS the ionized H only which is responsible for the 
acidity of a solution and so the knowledge of H-ion 
concentration, for biochemical purposes is of prime 
importance. Taking the case of water, even the purest i 
one, dissociates to a minute extent into H+ and OH - i 
ions. Thus a solution will contain a large quantity of 
HOH molecules and a certain concentration of H+ and 
OH-ions. The nelation between the undissociated ! 
niolecules and its dissociated ions is governed by certain 
law called the " Law of Mass action ”, which in the 
above_ ase may be expressed by the following equation. 
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Now as HOH, as previously stated, is enormous as 
compared with H and OH the equation can l)c xvTitten 
thus 

{H)+x{OH)-=K 

Careful measurements have shown K to have the 
value And since in pure water we have an 

equal number of (H) and OH ions /the ionic concen- 
tration must be (H) x (OH) 
at room temperature. 

Again in a N/10 solution of HCl there would be 
0-1 gm. of H in 1000 c.c. presuming it to be completely 
ionized. In Actual fact a N/10 solution is ionized to 
the extent of 91%. Consequently the concentration is 

only 0^51, or 9-1x10-2 

The concentration is more conveniently expressed 
as a logarithm. 


It has been agreed to express H-ion concentration 
as the exponent to the base 10 of the concentration with 
she negative sign omitted and this is represented by 
the symbol pH. Hence the H-ion concentration of the 
above N/10 HCL would be 

|3H=r04 

Thus at exact neuti-ality of water when the con- 
centration of H and OH are equal the pH will be 7*07 
(see above). 
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I'lius the Iasi two wjuations give an idea iliai the 
alkalinity to the solution of Na^ HPO 4 is due to die 
reaction in which HPO^ combines with tlie H + of 
water leaving OH ' in excess. 

Again, NaH^ PO 4 is an acid reaction, the sfnnce of 
H+ ions is the dissociation in No. ( 4 ) above. If we 
amibinc equation 2 above we have 

XaH 2 P 04 = Na+ + H+ + H POr “ 
and in solution of 

NadIPOi = Na+ + Na+ + HPO«- - 

Now if we add Na. HPO. to a solution of NaH 
PO 4 an excess of HPO^- - is produced. And according 
to the law of Mass Action wc reverse the dissociation of 
equation (4). 

HaP04-H+4-HP0r ” 

so that H+ concentration of the acid phosphate is re- 
duced. These considerations show that phosphate mix- 
tures very comparatively little from neutrality. 

The Bicakbonate System. 

It is highly significant that the CO^ produced as a 
result, of oxidations in living tissues play a great part in 
buffering the pH concentrations. 

(1) NaHCO,^=:Na+-f-HCO, 

■ ^ , , (?) HjCO*~H4-HCO» ; , , . 

(3) H60r;H4 0H 
,, ' . (4), HCQ 8 + H^;iH»C0«4OH 
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Now, suppose that COg is added to a mixture of 
hicarbouate and COj, Ha COg is formed and this in- 
creases the concentration of HCOg by dissociation. 

The result will be an increase of non-dissociated 
NaHCOg. Now, if a solution of 1 Kg. of sodium bi- 
carbonate in 100 litres of HgO is taken and is allowed 
to attain equilibrium with an unlimited atmosphere 
containing 1 gm. of COg per litre. And then add 
HCl, there will not be much change from the usual pH. 
The cause of this is that when HGl is added it reacts to 
form NaCl and more COg. The latter being in excess 
escapes to the atmosphere and the total amount of acid 
is what it was before. Thus only the concentration of 
the bicarbonate is diminished. 

For example if HCl is introduced into a cell, it 
will get ionized and the free H-ions will greatly increase. 
But if say sodium phosphate is present then sodium 
chloride will be formed and phosphoric acid will be 
released. This is very weakly ionized and thus appri- 
ciable change in the pH will not take place. But the 
presence of NaCl instead of Sodium phosphate will not '^ 
affect for obvious reasons. Thus Sodium chloride has ( 
: no buffer action. 


M>ETEitMiNATi0N op H-ion Concentration. ' : 

■ 

, ■ ! ; ■ ' ' ( 1 ) C6lorinikric. ' ' ' ^ , 

= 'jri . : ^ - - - 

,, ' ^ 'jCk^lorii^ftrtc mes^rements of H-ion concentration 

of cermin weak organic 
t wWf 'when , neutralized. ' An add ' 
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remains red. Because the whole of the free HCi 
present has combined with a portion only of the dye 
and tlie colour of the salt left in excess masks the bluish 
colour of the very small amount of the free acid 
dye. 

There are many other indicators. Neutral red is 
one of the valuable one for Physiological purposes. It 
changes colour at the neutrality of the water and 
changes colour just above and below the neutral point. 

The single standard colorimetric method is one in 
which all the standard indicator is in one tube. 

Double standard.— U Methyl red indicator is so 
used that half of the compound is placed in a solution 
more acid than pH 4.2 and half in more alkaline than 
6.3 the orange colour observed when the 2 solutions are 
observed together is the same as produced in a single 
tube at a pH which results in the neutralization of half 
the indicator acid. 

Double standard colour can be prepared witlt 
Bromocresol green, bromocresol purple, phenol red, etc, j 

How to determine. : 

i' To determine the pH of an unknown, first test; 
j small portions with a drop of each of the indicators 
| jand use the iadicawr . which developes most nearly its 

coloutii, I : \ j; ■ ' ' i • 

bPotentiowteirk rneasuiiements. : , 

i|i'; a; whd’fe placed water it has, a tendency; 

water, so as to form a,solU'- 
||||is^|ip[^^'karies with,4 cases 
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and is known as solution pressure of the substance in 
question. And when a metal say copper is immersed in 
a solution of copper sulphate, the copper has a tenticney 
to give off Cu '*•+ ions into solution. But there are 
already ions of the same kind in the solution which by 
their Osmotic Pressure (O.P.) oppose the passage of 
similar ions from the metal. The force with which the 
metal tends to send out ions in solution is the electro- 
lytic solution pressure and may be greater or less than the 
O.P. of the metallic ions in solution. It is plain that 
if the solution pressure is greater, the metal will become 
negatively charged owing to its giving off positive 
charges with the ions leaving it. Its potential will de- 
pend upon the difference between the solution pressure 
and O.P. 

But any of these electrodes above will not work 
unless the circuit is completed by having metal at both 
ends of the cells. If, however, the two electrodes of the 
same metal in solutions of the same concentration are 
joined together then no E. M. F. will develop. But if 
the concentration of the metallic ion is different in the 
two solutions, the E, M. F. of the battery will be equal to 
the difference between the potential of the two elec- 
trodes. If we know the concentration of one solution 
and can measure the E. M. F. of the combination, we 
can know the concentration of the unknown solution by 
the difference. 

The Hydrogen electrode is based on the above 
principles. If we could make an electrode of this gas 
and immerse it in a solution containing H-ions we can 
F. 16 
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measure the concentration of H-ions by the potential oi 

the eJcctrode. In practice, platinum is used as an elec 

rode and is plated with platinum black, in order to 

rapidly saturate it with H. One may note that it « 

unnecessary to have both Hydrogen electrodes; so lone 

^ the opposing electrode is of known E. M. F. it mi 

be of any form. Often in practice Ostwald’s calomel 
electrode IS used. . ‘uwnet 

The measurement i, made by a comparator or 
by the potenttometer method. Here a current it made 
to pass tJirough a wire from a constant battery. By 
means of a sliding contact any fraction of the E. M F 
Wtween two ends of the wire can be tapped off and 

pposed to that of the electrodes until tlie whole is 
brought to zero. ^ 
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